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S U M M A R Y
The problem  o f  d i s p la y in g  r a p i d l y  th e  r o o t  lo c u s  
o f  a system  has  n o t  p r e v io u s ly  been s o lv e d .  The com puter 
d e s c r ib e d  in  th e  t h e s i s  w i l l  d i s p la y  th e  r o o t  lo c u s  o f  a 
system  hav ing  up to  s i x  p o le s  and fo u r  z e r o e s ,
The computer c o n s i s t s  o f  a h y b r id  com bina tion  o f  
ana logue  and d i g i t a l  c i r c u i t s .  I t  employs an a d a p t iv e  
s t r a t e g y  to  f in d  s u c c e s s iv e  p o in t s  i n  th e  s - p la n e  t h a t  
s a t i s f y  th e  an g le  e q u a t io n  d e f in in g  a b ran ch  o f  th e  r o o t  
l o c u s •
The p o s s i b l e  e r r o r s  a r i s i n g  from c i r c u i t  l i m i t a t i o n s  
a r e  a n a ly s e d ,  and d e s ig n  compromises to  ach iev e  a r e q u i r e d  
perfo rm ance  a t  th e  lo w es t  c o s t  a r e  s p e c i f i e d ,
<
Some t y p i c a l  p l o t s  o b ta in e d  on a ca th o d e  ray  
o s c i l l o s c o p e  a r e  shown. . These n o t  on ly  d em o n s tra te  th e  
v a l i d i t y  <?f th e  approach  used b u t  a l s o  i n d i c a t e  the  
l i m i t a t i o n s  imposed by th e  in s t ru m e n t  s p e c i f i c a t i o n .
P o s s i b l e  a l t e r n a t i v e s  to  th e  d e s ig n  a r e  s u g g e s te d  
as  a r e s u l t  o f  th e  changes t h a t  have o c c u r re d ,  b o th  i n  c o s t  
and te ch n o lo g y ,  in  th e  i n t e g r a t e d  c i r c u i t  f i e l d  in  r e c e n t  
y e a r s .
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C H A P T E R  1
INTRODUCTION
In  c o n t r o l  system  a n a l y s i s ,  and more e s p e c i a l l y  d e s ig n ,  i t  i s
im p o r ta n t  to  be a b le  to  p r e d i c t  th e  s t a b i l i t y  o f  a system  from a
knowledge o f  th e  p r o p e r t i e s  o f  th e  system  com ponents. N yqu is t  
d iag ram s , Bode p l o t s  and N ich o ls  C hart  d e a l  w ith  system  s in e  wave
re s p o n s e ,  b u t  f a i l  to  g iv e  d i r e c t  in fo rm a t io n  r e g a rd in g  system  re sp o n s e
to  o t h e r  forms o f  i n p u t .  An a l t e r n a t i v e  method o f  d e te rm in in g  system  
s t a b i l i t y  i s  th e  r o o t  lo c u s  method developed  by Evans^ in  1948. This  
te c h n iq u e  has th e  p a r t i c u l a r  advan tage  t h a t  i t  g iv e s  an i n d i c a t i o n  o f  
th e  com pensation to  be  a p p l ie d  to  a system  to  a c h ie v e  an improvement 
in  c lo s e d  loop p e rfo rm a n ce .
C ons ider  a n e g a t iv e  feedback  system  as shown in  F ig  1 .1  The 
e q u a t io n  govern ing  i t s  perfo rm ance  i s
H(s)  .  .  K F ( , j . . .  .  KGJs ) .......  (1>1)
i W  1 + KF(s) H(s) + KG(s)
I t  i s  ob se rv ed  t h a t  th e  z e ro e s  o f  W(s) o ccu r  a t  th e  z e ro e s  o f  
v F ( s ) .  The p o le s  o f  W(s) a r e  g iven  by th e  r o o t s  o f  th e  e q u a t io n :
H(s) + KG(s) = 1 + KF(s) = 0  (1 .2 )
which i s  c a l l e d  th e  c h a r a c t e r i s t i c  e q u a t io n .
From e q u a t io n  1 .2  § 7 "?" = KF(s) ~ -1  ( 1 .3 )
E xpressed  i n  p o la r  c o - o r d in a t e s :  k | f ( s )| / F ( s ) = 1/ (2n + 1) tt
t h a t  i s ,  a p o le  o f  W(s) must s a t i s f y  th e  c o n d i t io n s  :
- 9 -
e±(s) o
F ig  1 .1  N ega tive  feedback  system  b lo c k  d iag ram .
-  10 -
K |F ( s ) |  = 1  (1 .4 )
a rg  F ( s )  « (2n * l ) t f  ( 1 .5 )
n ~ 0 , 1 , 2 , 3  »»»••♦«
As th e  loop  g a in  K v a r i e s ,  th e  r o o t s  o f  e q u a t io n  1 .2  can be 
p l o t t e d  as  a lo c u s  i n  th e  complex p l a n e .  Root s o lv in g  i s  a c h iev ed  by 
s e a r c h in g  f o r  p o in t s  in  th e  s - p la n e  where th e  n e t  phase  a n g le  o f  F ( s )  i s  
an odd m u l t i p l e  o f  tf.
From th e  r o o t  l o c u s ,  th e  c lo se d  loop p o le  p o s i t i o n s  can  be 
i d e n t i f i e d  w i th  th e  t r a n s i e n t  r e sp o n se  modes o f  th e  sy s tem . The f req u en cy  
re sp o n se  can  be r e a d i l y  o b ta in e d  by measurement to  p o i n t s  i n  th e  
im ag inary  a x i s .  The system  d e s ig n e r  can ,  w i th  e x p e r ie n c e ,  in t r o d u c e  
com pensa ting  p o le s  and z e ro e s  to  re sh a p e  th e  lo c u s  to  a p a t t e r n  known 
to  g iv e  th e  d e s i r e d  p e rfo rm a n ce .
U n t i l  c o m p a ra t iv e ly  r e c e n t l y  r o o t  l o c i  have been p l o t t e d  
m an u a lly ,  t h i s  b e in g  b o th  a  te d io u s  and tim e consuming p r o c e s s .
F u r th e rm o re ,  g iv e n  a t r a n s f e r  f u n c t io n  i t  i s  n o t  easy  to  s k e tc h  a  rough 
shape f o r  t h e  lo c u s  u n le s s  i t  i s  o f  a ty p e  p r e v io u s ly  known. These 
f a c t o r s  have tended  to  l i m i t  t h e  u se  o f  th e  r o o t  lo c u s  method in  
e n g in e e r in g  d e s ig n .
S e v e ra l  methods o f  a u to m a tic  r o o t  lo c u s  p l o t t i n g  have been  
p roposed  o r  implemented and th e s e  a r e  d e s c r ib e d  be low . A p a r t  from 
th e  one used  by th e  a u th o r ,  t h e  rem ain ing  methods have d is a d v a n ta g e s  
e i t h e r  in  t h e i r  p r i n c i p l e  o f  o p e r a t io n  o r  in  t h e i r  hardw are  
im p le m e n ta t io n . .....
1 .1 .  Methods o f  au to m a tic  r o o t  lo c u s  computing
1 . 1 . 1 .  Analogue methods
-  11 t
Many methods have been p roposed  t h a t  a r e  based  on e i t h e r
2 3th e  D*Azzo and Hoppis se rv o  loop  o r  L e v in e 1s s t e e p e s t  d e s c e n t  te c h n iq u e  .
Both th e s e  m ethods, in  th e  form p roposed  by t h e i r  a u t h o r s ,  have th e
d is a d v a n ta g e  o f  e x c e s s iv e  hardw are  r e q u i r e m e n t s .
I n  th e  D’Azzo and Hoppis m ethod, a  s e a rc h  v e c t o r  As i s  s t r u c k  ' 
o u t  from th e  s t a r t i n g  p o l e .  From th e  t i p  o f  t h i s  v e c t o r  a p h ase  e r r o r  
i s  p roduced  t h a t  i s  used  t o  change th e  head in g  o f  th e  s e a rc h  v e c t o r  
u n t i l  th e  se rv o  s e t  p o in t  (180°) i s  r e a c h e d .  As in c r e a s e s  and w i th  
th e  s t a r t i n g  p o le  as  an anchor p o i n t  th e  head ing  i s  changed a g a in  to  
b r in g  th e  t i p  o f  t h i s  new v e c t o r  i n t o  th e  lo c u s  and so on . This  
method w i l l  o n ly  p l o t  l o c i  where th e  d i s t a n c e  from th e  s t a r t i n g  p o le  
to  th e  lo c u s  i s  m o n o to n ic a l ly  i n c r e a s i n g .  I t  w i l l  n o t  p l o t  b a c k -  
c u rv in g  l o c i .  M oreover, as  As i n c r e a s e s ,  th e  se rv o  loop g a in  i s  
i n c r e a s in g  and th e  system  can become u n s t a b l e .  The method p roposed  
by th e  a u th o rs  employed one in v e r s e  synchro  r e s o l v e r  p e r  p o le  o r  z e ro  
u sed .  Not m entioned  by them was th e  p o s s i b i l i t y  o f  tim e s h a r in g  a 
s i n g l e  in v e r s e  r e s o l v e r .
A d d i t io n a l  d is a d v a n ta g e s  o f  th e  method a r e :
( i )  B re a k p o in ts  i n  th e  lo c u s  canno t be d e t e c t e d .  A c tu a l ly
t h i s  cou ld  be ach iev ed  by s e t t i n g  th e  se rv o  s e t  p o i n t  
to  an a n g le  s l i g h t l y  d i f f e r e n t  from 180°, say  179°.
( i i )  Each b ran ch  o f  th e  lo c u s  must s t a r t  a t  one o f  th e  open
loop p o l e s .  Pu re  t im e  d e la y  l o c i ,  t h e r e f o r e ,  canno t
be o b ta in e d .
L e v in e 1s method o f  s t e e p e s t  d e s c e n t  y i e l d s  an e r r o r  f u n c t i o n  
t h a t  i s  used  to  c o r r e c t  th e  a n g u la r  h ead in g  o f  a  s e a rc h  v e c t o r  u n t i l  
th e  phase  e r r o r  i s  z e r o .  To g e n e ra te  h i s  e q u a t io n  f o r  s t e e p e s t
-  12 -
d e s c e n t  r e q u i r e s  one m u l t i p l i e r  and one r e s o l v e r  f o r  each  p o le  and
2z e r o .  The r e s o l v e r s  g e n e ra te  fu n c t io n s  o f  th e  form r  cosG^ r  cos20 ,
3 . . —       ■......  -
r  c o s 30 e t c .  To tim e s h a re  a s i n g l e  r e s o l v e r  to  y i e l d  th e s e  f u n c t io n s
(n o t  su g g e s te d  by th e  o r i g i n a l  a u th o r )  would be a d i f f i c u l t  u n d e r ta k in g .
In  L e v in e 's  method th e  c o e f f i c i e n t s  o f  th e  open loop 
p o lynom ia ls  a r e  s e t  up on c o e f f i c i e n t  p o t e n t io m e te r s .  T h is  h a s  th e  
d is a d v a n ta g e  t h a t  one canno t a l t e r  r e a d i l y  th e  p o s i t i o n  o f  one open 
loop  p o le  o r  z e r o .  When th e  p o in t s  i n  th e  lo c u s  f o r  a p a r t i c u l a r  v a lu e  
o f  K ( loop  g a in )  a r e  found , th e  v a lu e  o f  K i s  u p d a ted ,  i . e .  th e  
po lynom ia l c o e f f i c i e n t  p o te n t io m e te r s  r e q u i r e  a l t e r i n g .  A f t e r  a 
p o i n t  i n  th e  lo c u s  i s  found , a new s t e e p e s t  d e sc e n t  s e a r c h  i s  i n i t i a t e d  
f o r  th e  n e x t  p o i n t ,  t h a t  makes no use  o f  th e  p re v io u s  s e a r c h .  The 
method i s  t h e r e f o r e  s low . F u r th e rm o re ,  i t  does n o t  d e t e c t  b re a k  p o i n t s ,  
and can n o t p l o t  p u re  tim e d e lay  l o c i .  .
1 .1 .2  D i g i t a l  computer methods
4
P r i o r  to  W illiam son , com puter program methods a v a i l a b l e  were 
b ased  e i t h e r  on th e  d i r e c t  f a c t o r i s a t i o n  o f  th e  c h a r a c t e r i s t i c  e q u a t io n  
o r  on a  g r id  s e a rc h  te c h n iq u e  in  th e  s - p l a n e .
A computer program f o r  th e  f a c t o r i s a t i o n  method was f i r s t  
p roposed  by Doda^. A d is a d v a n ta g e  o f  th e  method i s  t h a t  i t  does n o t  
l o c a t e  a c c u r a t e l y  b re a k  p o in t s  i n  th e  l o c u s . Break p o in t s  r e p r e s e n t  
m u l t i p l e  c lo se d  loop p o le s ,  and th e r e  i s  no known te c h n iq u e  f o r  
f a c t o r i s i n g  a po lynom ia l hav ing  two o r  more r e p e a te d  r o o t s .  P u re  tim e 
d e la y  system s have to  be r e p r e s e n t e d  by a p p ro x im a tio n s  which can  g iv e  
r i s e  to  e r ro n eo u s  r e s u l t s .
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A d i g i t a l  im p lem en ta t io n  o f  t h i s  method would r e q u i r e  s to r a g e  
f a c i l i t y  and would be p r o h i b i t v e l y  e x p e n s iv e .  Analogue im p lem en ta t io n  
would c a l l  f o r  a  l a r g e  number o f  m u l t i p l i e r s ,  i n t e g r a t o r s  and 
p o te n t io m e te r s .
In  r e c e n t  y e a r s  g r id  s e a rc h  te c h n iq u e s  in  th e  s - p l a n e  have 
been p ro p o sed .  The f i r s t  o f  th e s e  by Cook and Cook^ (1968) t e s t s  th e  
m agnitude o f  a p hase  e r r o r  f u n c t i o n ,  C, a t  a l a r g e  number o f  e q u a l ly  
spaced  p o in t s  in  th e  s - p l a n e .  A p o in t  i s  ta k e n  as  b e in g  on th e  t r u e  
lo cu s  i f  C i s  l e s s  th a n  a s p e c i f i e d  amount and i t s  s ig n  i s  d i f f e r e n t  
from t h a t  o f  i t s  f o u r  n e a r e s t  n e ig h b o u r in g  p o i n t s .  The r e s u l t i n g  
p l o t  g iv e s  o n ly  a vague i n d i c a t i o n  o f  th e  shape o f  th e  l o c u s .  I t  i s  
ex tre m ely  i n e f f i c i e n t ,  p l o t t i n g  o n ly  a few p e r  c e n t  o f  th e  p o in t s  
t e s t e d  and r e q u i r i n g  a l a r g e  amount o f  s t o r a g e .
A ird  and Moseley^ have used  a s im p le r  te c h n iq u e  o f  t e s t i n g  th e  
s ig n  o f  th e  phase  e r r o r  a t  s u c c e s s iv e  p o in t s  in  th e  s - p l a n e .  T h is  
method i s  a l s o  i n e f f i c i e n t ,  r e q u i r e s  s to r a g e  and th e  q u a l i t y  o f  l o c i  
produced a r e .n o  b e t t e r  th a n  th o se  o f  Cook and Cook.
4 . .W illiam son  has developed  a h ig h ly  s o p h i s t i c a t e d  d i g i t a l
computer program t h a t  can p l o t  l o c i  to  a ph ase  acc u racy  b e t t e r  th a n  
20 seconds o f  a r c .  The method d e t e c t s  b re a k  p o in t s  and can be
employed f o r  tim e d e la y  sy s tem s .  The p r i n c i p l e  o f  t h i s  method i s  
d e s c r ib e d  in  C hap te r  2. I t  forms th e  b a s i s  o f  th e  h y b r id  system ,
th e  developm ent o f  which i s  th e  s u b j e c t  o f  t h i s  t h e s i s .
1 .1 .3  S p e c ia l  p u rpose  computers
8The EASIAC m arke ted  in  1960 and c o s t i n g  about £6 ,000 i s ,  
to  d a t e ,  th e  on ly  com m ercia lly  a v a i l a b l e  so c a l l e d  " a u to m a t ic '1 r o o t
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/lo c u s  p l o t t e r .  I t  r e q u i r e s  a  s k i l l e d  o p e r a t o r  to  s e a rc h  f o r  p o in t s  
in  th e  s - p la n e  where th e  p h ase  e r r o r  i s  z e r o .  R ep o r ts  from u s e r s  
su g g e s t  d i f f i c u l t y  in  o p e r a t io n ,  e s p e c i a l l y  in  h ig h  s e n s i t i v i t y  r e g io n s .  
Root l o c i  can be d i f f i c u l t  f o r  many e n g in e e rs  to  i n t e r p r e t ,  and t h i s  
in s t ru m e n ts  adds a n o th e r  burden  by p l o t t i n g  th e  l o c i  on a lo g a r i th m ic  
s c a l e .
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C H A P T E R  2
METHOD OF ROOT LOCUS COMPUTATION.
2 .1  B as ic  method o f  r o o t  lo c u s  co m p u ta tio n .
C ons ider  an open loop t r a n s f e r  f u n c t io n  o f  th e  form:
n
KF(s) =
II (s  + z . )
i 11 = 1
m
n (s  + p . )  
j  « i  J
(2 . 1)
where z^ and p j  a r e  th e  z e ro e s  and p o le s  r e s p e c t i v e l y  o f  th e  f u n c t i o n .  
For p h y s i c a l l y  r e a l i s a b l e  system s m > n .  Any p o in t  y  i n  th e  lo c u s  
s a t i s f i e s  e q u a t io n  (1 .5 )  which can be w r i t t e n  a s :
E^z. -  E^Pj = (2n  + l ) ir (2 . 2)
where ^z^ i s  th e  an g le  from th e  p o in t  y  to  th e  ze ro  z^ and |^>p. i s  th e
an g le  from th e  p o i n t  y  to  th e  p o le  p j .
From e q u a t io n  (1 .4 )  th e  v a lu e  o f  loop g a in  K a t  any p o i n t  y  
i s  g iv en  by:
K
m
n(s + p.)
n
n(s  + z^)
(2 .3 )
i  = 1
From now an e q u a t io n  (2 .2 )  w i l l  be . e x p r e s s e d  i n  th e  form:
£Z — EP = (2n + 1 ) t t (2 .4 )
I f  th e  a n g le s  a r e  c o n t in u o u s ly  a d ju s t e d  to  l i e  i n  th e  ra n g e  0
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F ig u re  5 : -  A ccess ing  6800 P e r i p h e r a l s  on th e
Synchronous bus.
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F ig u re  6 : -  In p u t  Data Hardware B lock Diagram.
to  360° we have:
EZ -  EP -  tt = 0 (2 .5 )
When t h i s  com putation  i s  c a r r i e d  o u t  a t  one o f  th e  open loop
p o le s  o f  th e  sy stem , th e  c o n t r i b u t i o n  t h i s  p o le  would make to  th e
c a l c u l a t i o n  i s  l o s t .  The com pu ta tion  y i e l d s  th e  ta n g e n t  (0) to  th e  
lo c u s  a t  th e  p o le  in  q u e s t i o n .  (See F ig  2 .1 )
I f  a  t r i a l  p o i n t  P, ( c o - o r d in a t e s  X ^ j Y ^ ) ,  *-s ta k e n  a t  a
d i s t a n c e  as  from th e  p o le  i n  th e  s e t - o f f  d i r e c t i o n  8 , th en
X .- = X, + As cosQl l  1
Y._ = Y- ■ + As s in el l  1
A pplying e q u a t io n  2.5 a t  th e  t r i a l  p o i n t ,  p roduces  th e  p h ase  
e r r o r  ^  a t  t h i s  p o i n t ,  i . e .
EZ -  EP - i t  3 '(' a t  a t r i a l  p o i n t .
The h ead in g  o f  As i s  now changed from 0 to  0 + and a new
phase  e r r o r  ^  a t  a second t r i a l  p o in t  d e te rm in e d .  The
head ing  o f  As i s  a g a in  changed to  0 + + if>2 » The p ro c e s s  i s
tilr e p e a te d  u n t i l  th e  p hase  e r r o r  ^  a t  th e  r  t r i a l  p o in t  (X£r , ^ £ r ) i s 
l e s s  th a n  a s p e c i f i e d  amount e .
The p o i n t  i s  now ta k e n  to  be a ’ t r u e  p o i n t 1 i n  th e
IT •l o c u s .  The l a s t  computed a n g le  0 -  8 + E \{j . (where r  i s  th e  number
i
o f  com pu ta tions  perfo rm ed) i s  th e  an g le  from th e  s t a r t i n g  p o le  (X^, Y^)
to  th e  p o i n t  (X ^^jY ^^). A new t r i a l  p o in t  Q, i s  now ta k en  a t  a
d i s t a n c e  As from th e  ’ t r u e 1 p o i n t  (X. ,Y. ) i n  th e  d i r e c t i o n  0 .r  i r *  l r
With th e  p o in t  (X£r  as  an p o i n t ,  th e  p ro c e d u re
o u t l i n e d  above i s  r e p e a te d  u n t i l  th e  n e x t  ’ t r u e ’ p o i n t  R i s  fo u n d .
~ 17 -
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F ig  2 .
( X i 2 , Yi 2 )
( X )
Method o f  r o o t  lo cu s  com puting.
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The p ro c e s s  i s  c o n t in u e d  u n t i l  th e  r e q u i r e d  p o r t i o n  of; th e  b ran ch  o f  th e  
lo c u s  a s s o c i a t e d  w ith  th e  s t a r t i n g  p o le  (X^,Y^) has  been  p l o t t e d .
o
The method d e s c r ib e d  p l o t s  th e  (180 ±e) lo c u s ,  s a t i s f y i n g  an
an g le  c o n d i t io n :
a rg  F ( s )  -  it EZ -  £P -  * ^ e ( 2 . 6 )
T his  p ro c e d u re ,  in  which th e  t r i a l  p o in t  t r a c k s  th e  l o c u s ,  i s  
s i m i l a r  in  b e h a v io u r  to  th e  gu idance  system  o f  a b e a m -r id e r  m i s s i l e .
2 .2 .  B r ie f  d e s c r i p t i o n  o f  th e  a u to m a t ic  r o o t  lo c u s  com puter
An a b b r e v ia te d  b lo c k  d iagram  and a t y p i c a l  p o le  p a t t e r n  i n
th e  s - p la n e  a r e  shown i n  F ig .  (2 . 2a) and (2 .2 b )  r e s p e c t i v e l y .
I n i t i a l l y  th e  c a r t e s i a n  v e c t o r  components (x ^ ,y ^ )  from , t h e  s t a r t i n g  
p o le  (1) to  th e  p o le  (2) a r e  d e r iv e d .  These v a lu e s  a r e  a p p l i e d  to  
an in v e r s e  r e s o l v e r  and p o l a r  c o - o r d in a t e s  R/ 9 ^ p ro d u ced .  The 
v e c t o r  components from th e  s t a r t i n g  p o le  (1) to  th e  p o le  (3) ( i n  t h i s  
c a se  0 , 2y^) a r e  d e r iv e d ,  fed  to  th e  in v e r s e  r e s o l v e r  and th e  a n g le  
9 2 o b ta in e d .  The a n g le  - 0 ^ - 0 2 "  = 0 i s  th e  an g le  o f  th e  ta n g e n t
to  th e  lo cu s  a t  th e  s t a r t i n g  p o le .
The an g le  0 c o n t r o l s  a r e s o l v e r  to  which i s  fed  an a r b i t r a r y
v e c t o r  m agnitude  As; hence th e  r e s o l v e r  y i e l d s  o u tp u ts  As cos0 and As
sinO. These a r e  added to  th e  c o - o r d in a t e s  o f  th e  s t a r t i n g  p o le  to  g iv e  
th e  f i r s t  t r i a l  p o i n t  P .
The c a r t e s i a n  v e c t o r  components from th e  t r i a l  p o i n t  to  th e  
f i r s t  p o le  ( 1 ) a r e  d e te rm in ed  and a g a in  by means o f  th e  i n v e r s e  r e s o l v e r ,  
th e  a n g le  0^ i s  computed. This  i s  r e p e a te d  w i th  th e  t r i a l  p o i n t  and 
p o le s  (2) and (3) to  y i e l d  0^ and 9^ r e s p e c t i v e l y .  The t o t a l  a n g le
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F ig  2 .2 a  B as ic  b lo c k  d iagram  o f  a u to m a tic  ro o t  lo c u s  com puter .
F ig  2 .2b  P o le  p a t t e r n  in  th e  s -p la n e »  showing a n g le s  to  th e  
s t a r t i n g  p o le  and th e  f i r s t  t r i a l  p o i n t .
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0* ** ~ ” 04 ” 05 equa^ to  “ S u b t r a c t in g  ir y i e l d s  th e
phase  e r r o r  I f  ^ i s  g r e a t e r  th a n  a s p e c i f i e d  e r r o r  e ,  i t  i s
added to  0 and by means o f  th e  r e s o l v e r  a new t r i a l  p o in t  i s  found .
The p ro c e d u re  i s  r e p e a te d  u n t i l  a  p o in t  i s  reac h ed  where th e  phase  e r r o r  
i s  l e s s  th a n  e .  When t h i s  o ccu rs  th e  c o - o r d in a t e s  o f  th e  c u r r e n t  t r i a l
p o in t  a r e  d i s p la y e d  on th e  ca thode  r a y  o s c i l l o s c o p e  as  a t r u e  p o i n t  i n
th e  l o c u s .  The l a s t  computed a n g le  i s  used  in  c o n ju n c t io n  xdLth As and 
c o n t r o l s  th e  r e s o l v e r  c i r c u i t  to  p roduce  a f r e s h  t r i a l  p o in t  Q, (See 
F ig .  2*1)• With th e  p re v io u s  t r u e  p o in t  as  an anchor p o i n t  th e  b a s i c  
p ro ced u re  i s  r e p e a te d  to  f in d  th e  n e x t  t r u e  p o in t  and so on .
I t  i s  n o te d  t h a t  i f  c a r t e s i a n  components in v o lv in g  z e ro e s  a r e  
a p p l ie d  to  th e  in v e r s e  r e s o l v e r  th e  a n g le s  p roduced  a r e  g iv en  a p o s i t i v e  
s ig n  s i n c e  th e  a lg o r i th m  used  i s  | l Z  -  IP  -  7r |<e
2 .3  D e ta i le d  b lo c k  d iagram m atic  d e s c r i p t i o n
The b lo c k  d iagram  o f  th e  r o o t  lo c u s  computer i s  shown i n  
F ig  2 .3 .  The system  d e s c r ib e d  can h a n d le  up to  s i x  open loop  p o le s  
and fo u r  open loop  z e r o e s ,  and can be  ex te n d e d .
2 .3 .1  C a r t e s t i a n  c o - o r d in a te  d i f f e r e n c e s  g e n e r a t io n
The c a r t e s i a n  c o - o r d in a te  v a lu e s  o f  th e  open loop  p o le s  and 
ze ro e s  a r e  s e t  up as  i n p u t  v o l t a g e s  by means o f  f r o n t  p a n e l  s w i tc h e s  
and p o te n t io m e te r s .  I n  the  X channel th e s e  in p u t  v o l t a g e s  a r e  
connec ted  by a group o f  ana logue  s w itc h e s  Ax to  b u f f e r  a m p l i f i e r  
th e  o u tp u t  o f  th e  l a t t e r  b e in g  co nnec ted  to  sample and h o ld  c i r c u i t  
S2X. Analogue s w i tc h e s  Ax a r e  c o n t r o l l e d  by a s i x  s ta g e  s h i f t  
r e g i s t e r  SRA. The X channe l in p u t  v o l t a g e s  a r e  a l s o  con n ec ted  by a 
f u r t h e r  group o f  ana logue  s w i tc h e s ,  Bx, to  b u f f e r  a m p l i f i e r  a ^  th e  o u tp u t
-  21 -
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o f  which i s  i n v e r t e d  in  a m p l i f i e r  a T h e  o u tp u t  o f  summing a m p l i f i e r  
a ^  g iv e s  th e  d i f f e r e n c e  v o l t a g e  between th e  o u tp u ts  o f  a ^  and S2X. 
Analogue s w i tc h e s  Bx a r e  c o n t r o l l e d  by an e le v e n  s t a g e  s h i f t  r e g i s t e r  SRB. 
The Y channe l i s  s i m i l a r l y  co n n ec ted .
When s t a r t  i s  i n i t i a t e d ,  a l l  s t a g e s  o f  b o th  s h i f t  r e g i s t e r s  
a r e  s e t  to  l o g i c a l  !0 f , i . e .  a l l  ana logue  s w i tc h e s  a r e  open c i r c u i t .
The f i r s t  s ta g e  o f  SRA then  changes to  l o g i c a l  *1*, c lo s e s  th e  f i r s t  
sw i tc h  o f  groups Ax and Ag and a llow s th e  f i r s t  p a i r  o f  v o l t a g e s  (X^,Y^) 
r e p r e s e n t in g  c a r t e s i a n  c o - o r d in a te s  (X^,Y^) to  be sampled and s to r e d  i n  
S2X and S2Y. The o u tp u ts  o f  S2X and S2Y a r e  f u r t h e r  s t o r e d  i n  sample and 
h o ld  c i r c u i t s  SIX and S1Y r e s p e c t i v e l y .  The f i r s t  ana logue  s w i tc h  i s
re -o p e n e d .
The f i r s t  s t a g e  o f  s h i f t  r e g i s t e r  SRB now changes to  l o g i c a l
*1*, c lo s e s  t h e  f i r s t  sw itch  o f  groups Bx and By and c o n n ec ts  (X^,Y^)
v i a  th e  u n i ty  g a in  a m p l i f i e r s  a ^  and From t h e  c o n n e c t io n s  shown
in  th e  b lo c k  d iagram  i t  i s  seen  t h a t  th e  o u tp u t  o f  each o f  th e s e
a m p l i f i e r s  i s ^ i d e a l l y ,  z e ro .  Under th e s e  c o n d i t io n s  th e  o u tp u t  o f  th e
g a t e  l a b e l l e d  G i n h i b i t s  th e  " an g le  com pu ta tion  c y c le "  t h a t  would
n o rm ally  fo l lo w ,  and SRB i s  advanced to  l o g i c a l  ' I *  in  i t s  second s t a g e .
The second p a i r  o f  in p u t  v o l t a g e s  ^ 2 ^ 2 ) a r e  i n v e r t e d  and connec ted
to  a m p l i f i e r s  a . and a , . The o u tp u t s  o f  a , and a , r e p r e s e n t* x4 y4 r  x4 y4 r
(X^ -  X2 ) and Y2 ) r e s p e c t i v e l y .  These v o l t a g e s  a r e  i n s e r t e d  as
i n i t i a l  c o n d i t io n s  to  th e  in v e r s e  r e s o l v e r  c i r c u i t  and th e  r e q u i r e d  
an g le  computed ( s e e  l a t e r ) .  S h i f t  r e g i s t e r  SRB i s  advanced to  a 
l o g i c a l  *1 V in  i t s  t h i r d  s ta g e  and th e  p ro ced u re  i s  r e p e a te d ,  t h a t  i s  
(X^ -  X ^) , (Y^ -  Y^) a r e  fed  to  th e  i n v e r s e  r e s o l v e r  and so on .
I t  i s  a r ra n g e d  t h a t  unused in p u t s  a r e  c o n n ec ted ,  by  means o f
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f r o n t  p a n e l  s w i tc h e s ,  to  t h e i r  r e s p e c t i v e  sample and h o ld  c i r c u i t s  S2X 
and S2Y. When th e s e  in p u t s  a r e  i n t e r r o g a t e d  th e  o u tp u ts  o f  a m p l i f i e r s  
a ^  and a ^  a r e  b o th  z e ro ;  th e  o u tp u t  o f  g a te  !G’ i n h i b i t s  th e  an g le  
com pu ta tion  c y c le  and advances SRB.
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2.3.2 The inverse resolver
B efo re  p ro c e e d in g  f u r t h e r  w i th  th e  b lo c k  diagram  d e s c r i p t i o n ,  
a b r i e f  n o te  i s  in c lu d e d  e x p la in in g  th e  o p e r a t io n  o f  th e  in v e r s e  r e s o l v e r  
and r e s o l v e r  c i r c u i t s  t h a t  were employed in  th e  f i n a l  system . These a r e  
d is c u s s e d  in  d e t a i l  i n  C hap ter  7.
The in v e r s e  r e s o l v e r  c o n s i s t s  o f  two i n t e g r a t o r s  and a s ig n  
r e v e r s in g  a m p l i f i e r  connec ted  as  shown i n  F ig  2 .4 a .  The a rrangem ent 
s a t i s f i e s  th e  e q u a t io n :
z + .z  = 0 (2 .7 )
t
h av in g  a g e n e ra l  s o l u t i o n  z = A s i n  wt + B cos w t. (w = ~)
I f ,  a t  t= 0 ,  z=y,  -Tz = x ,  we o b t a in :
o /p^  = z = - x s i n  wt + ycos wt ( 2 . 8 )
° ^ 2  ~ = xcos + y s in  wt (2 .9 )
w
C o n s id e r in g  x and y to  be v o l t a g e  c o - o r d in a t e s  o f  a p o in t  P (F ig  2 .4 b )  i t  
i s  seen  t h a t
o /p£  = R = xcos wt + y s in  wt. 
a l s o  - x s i n  wt + ycos wt = 0
Suppose t h a t  a c o u n te r  i s  a l low ed  to  f u n c t io n  when th e  c i r c u i t  
i s  sw itch ed  to  th e  ’o p e r a t e 1 o r  ’com pute' mode. At th e  i n s t a n t  t h a t  
o /p^  p a s s e s  th ro u g h  z e ro ,  th e  c o u n te r  w i l l  c o n ta in  th e  s c a le d  a n g le  w t.
At t h i s  i n s t a n t  a l s o  o /p ^  y i e l d s  th e  r e s u l t a n t  m agnitude R. S in ce  i n  one
c y c le  o /p^  p a s s e s  th rough  zero  tw ic e ,  th e  c o r r e c t  c r o s s in g  p o i n t  h as  to  be 
d e te rm in e d .
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+z
■ TZ
F ig  2 .4 a  Schem atic  d iagram  o f  th e  i n v e r s e  r e s o l v e r .
x
F ig  2 .4b  R e p re s e n ta t io n  o f  a p o i n t  P in  c a r t e s i a n  and
p o l a r  c o - o r d i n a t e s .
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d (o /p ^ )
From e q u a t io n  (2 .8 )   — = -w (y s in  wt '+ xcos wt) ** -  wR
d t
F or th e  c o r r e c t  a n g le  c o n d i t io n  th e  r e s u l t a n t  R i s  p o s i t i v e .
T h e re fo re  d e t e c t i n g  when o /p^  c ro s s e s  ze ro  w i th  a  n e g a t iv e  s lo p e  y i e l d s  
th e  r e q u i r e d  a n g le .
2 .3 .3  The r e s o l v e r  (P o la r  to  c a r t e s i a n  c o - o r d in a te  t r a n s f o r m a t io n )
I f  o n ly  one i n i t i a l  c o n d i t io n  ( - )A s ,  i s  a p p l ie d  to  th e  c i r c u i t  
o f  F ig  2 .4 a  (say  to  th e  second i n t e g r a t o r )  th en  i n  th e  'co m p u te ' mode th e  
o u tp u t  o f  t h i s  i n t e g r a t o r  d e s c r ib e s  th e  f u n c t io n  Ascos w t .  The f i r s t  
i n t e g r a t o r  y i e l d s  A ssin  wt a t  i t s  o u tp u t .  I f  th e  c i r c u i t  i s  a l low ed  
to  o p e r a t e  f o r  a t im e  c o r re sp o n d in g  to  an a n g le  0/w and th e n  s to p p e d ,  
th e  i n t e g r a t o r  o u tp u t s  w i l l  be Ascos © and As s in O .
2 . 3 .4  Angle com puta tion  c y c le
The c a r t e s i a n  c o - o r d in a t e  v o l t a g e  d i f f e r e n c e s ,  (X^-  X ^ ) ,
(Y^ -  Y^) a r e  connec ted  a s  i n i t i a l  c o n d i t io n  v o l t a g e s  to  th e  i n v e r s e  
r e s o l v e r .  T h is  i s  s e t  t o  th e  ’com pute’ /node and c o n c u r r e n t ly  
c o u n te r s  1 and 3 o p e r a t e  (F ig  2 . 3 ) .  Counting c e a se s  when th e  com para to r  
d e t e c t s  th e  ze ro  c r o s s in g  p o in t  a t  th e  o u tp u t  o f  th e  in v e r s e  r e s o l v e r .
The c o u n te r s  now r e g i s t e r  th e  s c a le d  a n g le  -0^  from th e  s t a r t i n g  p o le  
(X^, Y^) to  th e  second p o le  (X^,  ^ )  . S h i f t  r e g i s t e r  SRB i s  advanced 
to  i t s  t h i r d  s t a g e .  With -0^  r e t a i n e d  in  th e  c o u n te r s ,  th e  p ro c e s s  i s  
r e p e a te d  t o  g iv e  th e  s c a le d  a n g le  -8^  w^ e re  ang i e from
th e  s t a r t i n g  p o le  (X^, Y^) to  a  t h i r d  p o le  (X^, Y ^ ) . A ngles t o  o t h e r  
p o le s  and z e ro e s  o f  a g iven  t r a n s f e r  f u n c t i o n  a r e  de te rm in ed  
s i m i l a r l y .
F or th e  c o r r e c t  e v a lu a t io n  o f  a rg  F ( s ) ,  t h e  a n g le  c o u n te r s
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o p e r a te  in  th e  fo rw ard  d i r e c t i o n  when z e ro e s  a r e  c o n s id e re d ,  and in  th e  
r e v e r s e  d i r e c t i o n  f o r  p o l e s .  I f  th e  in v e r s e  r e s o l v e r  p e r io d  (t ) i s  
2.0ms, a c lo c k  freq u en cy  o f  2 .048 MHz w i l l  c y c le  a tw elve  s t a g e  c o u n te r  
once i n  t h i s  t im e .  Thus sums o f  a n g le s  t h a t  exceed ±360° a r e  b ro u g h t  
w i th in  th e  range  o f  ± 360° .
2 .3 .5  As r e s o l u t i o n  c y c le
At th e  end o f  th e  f i r s t  com plete  an g le  com puta tion  c y c l e ,  t h e  
t e n th  s t a g e  o f  s h i f t  r e g i s t e r  SRB i s  a t  l o g i c a l  *1*, and c o u n te r s  1 and 3 
c o n ta in  th e  r e s u l t a n t  an g le  EZ -  EP. SRB i s  advanced to  i t s  e l e v e n th  
s t a g e  f o r  th e  s t a r t  o f  th e  As r e s o l u t i o n  c y c l e .  The f i r s t  o p e r a t i o n  
to  be perfo rm ed  i s  th e  s u b t r a c t i o n  o f  tt . This  i s  c a r r i e d  o u t  by 
forw ard  c o u n t in g  in  c o u n te r s  2 w h i l s t  r e v e r s e  co u n t in g  in  c o u n te r s  1 and 3 .  
When c o u n te r  2 re a c h e s  180°, th e  coun t ce a se s  and c o u n te r s  1 and 3 
c o n ta in  th e  a n g le  EZ -  E? -  tt . FOR THE FIRST RUN THIS GIVES THE TANGENT 
TO THE LOCUS AT THE STARTING POLE (X ^  i . e .  th e  s e t - o f f  d i r e c t i o n  0 
(se e  F ig  2 . 1 ) .
Counter 2 i s  c l e a r e d  and p a r a l l e l  s e t  to  th e  same v a lu e  as  
c o u n te r  1 .  A v o l t a g e  As i s  a p p l ie d  as  an i n i t i a l  c o n d i t io n  to  th e  
second i n t e g r a t o r  o f  th e  r e s o l v e r  c i r c u i t .  This  i s  s e t  i n t o  th e  ’ com pute1 
mode, and c o u n te r  1 i s  s e t  to  r e v e r s e  c o u n t in g .  When t h i s  c o u n te r  
reac h es  ze ro  th e  r e s o l v e r  i s  sw itch ed  to  a ’h o l d 1 mode. The o u tp u t  
v o l t a g e s  o f  th e  r e s o l v e r  a r e  x f = As cos0  and y ’ = As s i n  0 .  x ’ i s  
a p p l ie d  to  one in p u t  o f  th e  summing a m p l i f i e r  a ^ ,  th e  o t h e r  i n p u t  o f  * 
which i s  connec ted  to  th e  o u tp u t  o f  SIX. (SIX i s  ' h o l d i n g 1 th e  X 
c o - o r d in a te  o f  th e  s t a r t i n g  p o l e ) .  These two v o l t a g e s  a r e  summed, 
i n v e r t e d  to  r e s t o r e  t h e i r  c o r r e c t  s ig n ,  and a p p l ie d  to  th e  sample and 
and h o ld  c i r c u i t  S2X. The o u tp u t  o f  S2X i s  t h e r e f o r e  X^ + x * .
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S im i l a r l y  y '  i s  summed w i th  th e  o u tp u t  o f  S1Y to  produce + y '  a t  th e  
o u tp u t  o f  S2Y. Thus S2X and S2Y c o n ta in  th e  v o l t a g e  c o - o r d in a t e s  of 
th e  t r i a l  p o in t  P ( X ^  see  F^8 2 . 1 .  SIX and S1Y s t i l l  c o n ta in
th e  c o - o r d in a te s  o f  th e  s t a r t i n g  p o le  (X^, Y ^).
C ounter 1 i s  now p a r a l l e l  s e t  to  th e  v a lu e  in  c o u n te r  2 i . e .  
th e  s e t - o f f  an g le  0 .  Counters  2 and 3 a r e  s e t  to  ze ro  and s h i f t
r e g i s t e r  SRB r e c i r c u l a t e s  s e t t i n g  i t s  f i r s t  s ta g e  to  l o g i c a l  *1*
2 . 3 .6  I t e r a t i o n  phase
The whole p ro c e s s  so f a r  d e s c r ib e d  r e p e a t s  i t s e l f  w i th  
c e r t a i n  e x c e p t io n s .  The o u tp u ts  from a m p l i f i e r s  a ^  and a ^ s e q u e n t i a l l y  
ta k e  on p a i r s  o f  v a lu e s  (X^ -  X ^ ) ,  (Y1 -  Y ^ ) ;  (X2 -  X ^ ) , (Y2 -  Y ^ )  ;
e t c .  Each tim e th e  an g le  computed i s  added o r  s u b t r a c t e d  ( f o r  z e ro e s  and 
p o le s  r e s p e c t i v e l y )  to  c o u n te r s  1 and 3, th e  form er s t i l l  c o n ta in in g  0.
At th e  end o f  th e  an g le  com puta tion  c o u n te r  1 c o n ta in s  (0 + EZ -  EP),
and c o u n te r  3 c o n ta in s  (EZ -  E P ) . T h is  e x p re s s io n  ( EZ -  EP) i s  th e  
sum o f  th e  a n g le s  from th e  t r i a l  p o in t  to  a l l  th e  z e ro e s  and p o l e s .
The As r e s o l u t i o n  c y c le  commences and 180° i s  s u b t r a c t e d  from 
c o u n te r s  1 and 3, which w i l l  y i e l d  (0 + if>^ ) and r e s p e c t i v e l y ;  where 
^  i s  th e  phase  e r r o r .
I f  ^  i s  l e s s  th a n  e (a  s p e c i f i e d  e r r o r )  th e  system  e n t e r s  th e  
’o u tp u t  u p -d a t in g  p h a s e '  ( s e e  l a t e r ) .
I f  ^  i s  g r e a t e r  th a n  e th e  p ro c e d u re  c o n t in u e s  e x a c t l y  as
b e f o r e ,  nam ely , c o u n te r  2 i s  s e t  to  th e  same v a lu e  as c o u n te r  1 , As
i s  s e t  i n t o  th e  r e s o l v e r ,  t h i s  y i e ld in g  th e  v a lu e s :
x '*  = Ascos (0 + y f 1 -  A ss in  (0 + ^ ^ )
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The o u tp u t  o f  S2X i s  t h e r e f o r e  updated  to  X^ + x " ,  In  th e
s i m i l a r  Y channe l S2Y g iv e s  an o u tp u t  Y^ + y f l . S2X and S2Y th e r e f o r e
h o ld  th e  c o - o r d in a te s  o f  th e  second t r i a l  p o i n t  ( X ^ j ^£2^* ant*
S1Y s t i l l  h o ld  th e  c o - o r d in a te s  o f  th e  s t a r t i n g  p o le .
C ounte r  1 i s  p a r a l l e l  s e t  to  th e  v a lu e  i n  c o u n te r  2 ,  i . e .
0 + . C ounte r  2 and c o u n te r  3 a r e  s e t  to  z e ro ,  s h i f t  r e g i s t e r  SRB
r e c i r c u l a t e s ,  s e t s  i t s  f i r s t  s t a g e  to  l o g i c a l  ' l f and th e  i t e r a t i o n  phase  
commences a g a in .
2 .3 .7  O utput u p d a t in g  phase
( i )  E v e n tu a l ly  in  th e  i t e r a t i o n  phase  th e  c o n d i t io n  t h a t
th e  phase  e r r o r  \p  ^ i s  l e s s  th a n  e (m onito red  i n  c o u n te r  
3) i s  s a t i s f i e d .  When t h i s  o ccu rs  c o u n te r  1 c o n ta in s  
th e  t o t a l  an g le  (0 + ^  + • • • • ^ r ) an<* t h i s  i s
p a r a l l e l . fed  to  c o u n te r  2 .  S2X and S2Y now h o ld  th e  
c o - o r d in a te s  o f  a  t r i a l  p o i n t  which i s  a l s o  a t r u e
°p o in t  X. Y. ( s e e  F ig  2 .1 )  in  th e  lo cu s  to  w i th i n  ^ l r  l r
The sample and h o ld  c i r c u i t s  SIX and S1Y a r e  now o p e ra te d  
to  h o ld  th e s e  v a lu e s  o f  th e  lo c u s  c o - o r d i n a t e s ,  and g iv e  
th e  r e q u i r e d  in p u t s  t o  th e  ca th o d e  ra y  o s c i l l o s c o p e .
( i i )  A f te r  the com ple tion  o f  ( i )  we have th e  l a s t  computed
a n g le  0 *= (0 + ^  ^  + • • •* ^ r ) c o n ta in e d  in
c o u n te r  2 .  This  i s  t r a n s f e r r e d  back  to  c o u n te r  1 ,  and 
s t i l l  r e t a i n e d  in  c o u n te r  2 .
As i s  s e t  as an i n i t i a l  c o n d i t io n  to  th e  r e s o l v e r  
which i s  a g a in  o p e ra te d  in  c o n ju n c t io n  w i th  c o u n te r  1 
u n t i l  th e  l a t t e r  r e a c h e s  z e r o .  The r e s o l v e r  w i l l  now
-  3 0  -
ho ld  th e  v a lu e s  Ascos 0 and A ss in  0 .  As b e fo re  th e s e  
a re  summed w ith  th e  o u tp u ts  o f  SIX and S1Y to  g iv e  th e  
c o - o r d in a t e s  o f  a new t r i a l  po in t 'Q  (se e  F i g . 2 .1 )  s to r e d  
in  S2X and S2Y. Counter 1 i s  p a r a l l e l  s e t  to  th e  v a lu e  
in  c o u n te r  2 .  C ounters  2 and 3 a r e  s e t  to  ze ro  and 
th e  system  r e - e n t e r s  th e  i t e r a t i o n  p h a se .
The system  e x p la in e d  above w i l l  p l o t  p o in t s  in  th e  b ra n c h  o f  
th e  lo cu s  a s s o c i a t e d  w i th  th e  o r i g i n a l  s t a r t i n g  p o le  X^, Y^ u n t i l  a s to p
s i g n a l  i s  g iv e n .  In  th e  c o n s t r u c t e d  machine t h i s  was a t im in g  p u l s e  o f
n o m in a lly  one second r e p e t i t i o n  r a t e ,  one second b e in g  th e  e s t im a te d  
maximum tim e r e q u i r e d  to  p l o t  a b ran ch  o f  a l o c u s .  This  p u l s e  s e t s  th e  
second s t a g e  o f  SRA to  l o g i c a l  ' I . ' ,  r e s u l t i n g  in  th e  second p o le  (X^, Y^) 
b e in g  made th e  s t a r t i n g  p o le .  The whole p ro c e d u re  r e p e a t s  i t s e l f  and 
p l o t s  th e  b ranch  o f  th e  lo c u s  a s s o c i a t e d  w ith  t h i s  p o l e .
When th e  system  has  p l o t t e d  th e  lo cu s  o f  a l l  th e  p o le s  to  be
c o n s id e re d ,  th e  r o u t i n e  re-coramences w i th  p o le  1 .
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C H A P T E R  3
DESIGN CONSIDERATIONS, SECTION 1
O v e ra l l  perfo rm ance  w i l l  be de te rm ined  m ain ly  by t h e  i n h e r e n t  
o f f s e t  v o l t a g e  d r i f t  and g a in  e r r o r s  o c c u r r in g  in  th e  ana logue  s e c t i o n s  
o f  th e  sy s tem . In  s tu d y in g  th e s e  e r r o r s  i t  i s  n e c e s s a ry  to  d i s t i n g u i s h  
betw een t o t a l l y  s e l f  c o r r e c t i v e  and p a r t i a l l y  c o r r e c t i v e  e r r o r s .  The 
l a t t e r  a r e  d e a l t  w i th  in  t h i s  c h a p te r ,  th e  c i r c u i t  e lem en ts  i n  q u e s t io n  
b e in g  a m p l i f i e r s  ay^»" a ^  and a ^  in  th e  Y channe l ( s e e  F ig  2 .3 )  and th e  
c o r re sp o n d in g  a m p l i f i e r s  in  th e  X c h a n n e l .  The a n a l y s i s  shown can be  
a p p l ie d  to  e r r o r s  o c c u r r in g  in  th e  rem a in ing  ana logue  s e c t i o n s .  These 
e r r o r s  a r e  d i s c u s s e d  in  C hap te r  4 .
In  th e  v i c i n i t y  o f  a p o le  th e  phase  d i s t r i b u t i o n  i n  t h e  complex 
p la n e  c o n s i s t s  o f  r a d i a l  l i n e s  and i s  in d e p en d en t o f  th e  p o le  -  z e ro
9
p a t t e r n  . For a s h o r t  v e c t o r  l e n g th  As, th e  lo c u s  can be  c o n s id e re d  as  
p r a c t i c a l l y  a s t r a i g h t  l i n e  o v e r  two o r  t h r e e  v e c t o r  l e n g t h s . T h is  
assum ption  i s  made when a n a ly s in g  th e  d i f f e r e n t  ty p e s  o f  e r r o r  o c c u r r in g  
in  th e  sy s tem .
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3 .1  E f f e c t s  o f  o f f s e t  v o l t a g e
For e a se  o f  e x p la n a t io n  i t  w i l l  be assumed i n i t i a l l y  t h a t  th e  
X channe l has ze ro  o f f s e t  v o l t a g e .  The t o t a l  o f f s e t  v o l t a g e  o c c u r r in g  
in  th e  Y c h a n n e l ,  due to  e lem en ts  ay^» ay 3 an^ a ^ (see  F ig  2 .1 )  i s  
r e p r e s e n t e d  b y e  • As an example we c o n s id e r  th e  lo c u s  o f  a 
system  hav ing  an open loop t r a n s f e r  f u n c t io n :
s ( s  + 3 + j4 )  (s + 3 -  j 4 )  (3*1)
th e  r o o t  lo c u s  b e in g  shown in  F ig  3 .1 .
At th e  s t a r t  o f  th e  com puta tion  th e  o u tp u ts  o f  S2Y and S1Y a r e  »: 
b o th  s e t  to  a v o l t a g e  r e p r e s e n t in g  th e  y c o - o r d in a t e  o f  P (4 u n i t s ) .
The o u tp u t  o f  S2Y i s  used  to  produce th e  y c a r t e s i a n  c o - o r d i n a t e  v o l t a g e  
d i f f e r e n c e  v a lu e s  between P and Q and th e n  betw een P and R. These v a lu e s  
a r e  employed in  d e te rm in in g  th e  s e t - o f f  an g le  0 .  I f  th e  o f f s e t  v o l t a g e  
e i s  s m a l l ,  0 w i l l  have a lm ost i t s  c o r r e c t  v a l u e .  The r e s o l v e r  y i e l d s
components As cos0 and As s in 0  t h a t  a r e  summed w ith  th e  o u tp u t s  o f  SIX
and S1Y r e s p e c t i v e l y  to  up d a te  S2X and S2Y. The s i t u a t i o n  to  t h i s  p o in t  
i s  shown a t  th e  t r i a l  p o in t  S i n  F ig .  3 .2 ,  where PS = As.
The c a r t e s i a n  c o - o r d in a te  v o l t a g e  d i f f e r e n c e s  betw een S and th e  
t h r e e  p o le s  would n o rm a l ly  b e  a p p l ie d  i n  s u c c e s s io n  to  th e  i n v e r s e
r e s o l v e r ,  b u t  due to  e ^  th e  t r i a l  p o i n t  ap p ea rs  to  be  a t  th e  p o i n t  a .
The p r i n c i p a l  s o u rce  o f  e r r o r  o ccu rs  when d e te rm in in g  th e  a n g le  back  to  
th e  s t a r t i n g  p o le  P .  I f  th e  l i n e  PS l i e s  on th e  t r u e  l o c u s ,  w hich i s  
v e ry  n e a r l y  t r u e  f o r  sm all  As, th e  f i r s t  phase  e r r o r  i s  eq u a l  to  / a P S . 
This  i s  added to  th e  s e t - o f f  d i r e c t i o n  0 to  g iv e  a new a n g le  (0 -  i|^) •
The r e s o l v e r  o u tp u ts  a t  t h i s  new head ing  an g le  a r e  a g a in  summed w i th  t h e
o u tp u t s  o f  SIX and S1Y to  g iv e  th e  v o l t a g e  c o - o r d in a t e s  o f  th e  p o i n t  S^ 
in  S2X and S2Y.
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F ig  3 .1  R oot lo c u s  f o r  a  system  hav ing  an  open lo o p  t r a n s f e r  
f u n c t i o n :  k/ s ( s + 3 + j 4 ) ( s  + 3  ~ j4 )
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lo c u s
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F ig  3 , 2  Diagram showing e f f e c t  o f  Y ch an n e l o f f s e t  v o l t a g e  (e  )
\  °y
on t r i a l  p o i n t  p o s i t i o n  (S) a t  s u c c e s s iv e  i t e r a t i o n s  o
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Due to  th e  o f f s e t  v o l t a g e  eQy* second t r i a l  p o i n t  a p p ea rs  
to  be a t  th e  p o in t  b .  From t h i s  p o in t  th e  an g le  com puta tion  i s  c a r r i e d  
o u t  to  y i e l d  a second phase  e r r o r  = /b P S . This  a n g le  i s  p o s i t i v e ,  
b e in g  on th e  o th e r  s id e  o f  th e  lo c u s  to  a ,  and i s  added to  (0 -  ij^) to  
y i e l d  a f u r t h e r  t r i a l  p o i n t  c .  The com pu ta tions  p roceed  in  t h i s  f a s h io n  
u n t i l  a t r i a l  p o in t  n i s  found having  a phase  e r r o r  l e s s  th a n  th e  p e r m i t t e d  
v a lu e  e .  I t  i s  o b se rved  t h a t  when t h i s  c o n d i t io n  o ccu rs  th e  o u tp u t s  o f  
S2X and S2Y h o ld  th e  v o l t a g e  c o - o r d in a te s  o f  th e  p o in t  S^. These v a lu e s  
a r e  connec ted  to  th e  sample and h o ld  c i r c u i t s  SIX and S1Y and hence to  
th e  o u tp u t  d i s p l a y .  Thus th e  f i r s t  ’ t ru e *  p o in t  i s  ly in g  below th e  
c o r r e c t  lo c u s  by an amount e
When th e  f i r s t  ^ t r u e *  p o in t  has  been  found, th e  a n g le  c o u n te r
c o n ta in s  th e  an g le  /OPS^ w i th  th e  v a lu e  o f  th e  l a s t  phase  e r r o r ( ^ e )
s u i t a b l y  added . S2X and S2Y a r e  upda ted  to  y i e l d  th e  p o in t  S , wherea
= As. Again as  f a r  as th e  an g le  com pu ta tion  i s  concerned  th e  
t r i a l  p o in t  ap p ea rs  to  be a t  fd f . The system  behaves as  b e f o r e ,  to  
p roduce e v e n tu a l ly  in  S2X and S2Y v a lu e s  r e p r e s e n t in g  th e  f t ru e *  p o i n t  S ,113
where due to  th e  o f f s e t  v o l t a g e  th e  p o in t  1 l i e s  on th e  c o r r e c t  l o c u s .
A f te r  th e  second ^ r u e *  p o in t  has been found, a f u r t h e r  t r i a l  
p o in t  i s  ta k en  a t  th e  l a s t  h ead in g  an g le  (p lu s  th e  l a s t  p h ase  e r r o r )  
a t  a d i s t a n c e  As from S • From now on t r i a l  p o in t s  a r e  d i s p la c e d  
from th e  c o r r e c t  lo c u s  by an amount equa l  to  eQ and no more i t e r a t i o n s  
p e r  p o in t  sho u ld  be r e q u i r e d  th an  in  a system  hav in g  zero  o f f s e t  v o l t a g e .
The above c o n c lu s io n s  were t e s t e d  u s in g  a s im ple  d i g i t a l  
com puter program and found to  be v a l i d .
The q u e s t io n  a r i s e s  as to  how l a r g e  an o f f s e t  v o l t a g e  can be 
t o l e r a t e d .  C onsider  a p o s s i b l e  lo c u s  where th e  s e t - o f f  d i r e c t i o n  0 from
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th e  s t a r t i n g  p o le  i s  0 ° .  I f  th e  t o t a l  o f f s e t  v o l t a g e  eQy> i s  such  as  to
d i s p l a c e  th e  t r i a l  p o in t  by an amount g r e a t e r  than  As, th e n  i t  fo l lo w s
t h a t  no amount o f  an g le  c o r r e c t i o n  w i l l  b r in g  th e  a p p a re n t  t r i a l  p o in t  on
to  th e  lo c u s .  Hence, one c o n d i t io n  i s  t h a t  e <As. I t  sh o u ld  beoy
p o in te d  o u t  t h a t  i f  th e  s e t - o f f  d i r e c t i o n  i s  p r o g r e s s i v e l y  in c r e a s e d  to  
tt/ 2 ,  l a r g e r  o f f s e t  v o l t a g e s  can be p r o g r e s s i v e l y  t o l e r a t e d .
A more im p o r ta n t  c o n s id e r a t io n  i s  where s u c c e s s iv e  p h ase  e r r o r s  
become eq u a l  and th e  system  e n t e r s  a l i m i t  c y c l e .  For exam ple, 
c o n s id e r  a p o s s i b l e  lo c u s  hav ing  a s e t - o f f  d i r e c t i o n  o f  4 5 ° ,  (F ig  3 . 3 ) .
I f  e e q u a ls  0.707As th e n  th e  f i r s t  phase e r r o r  $ eq u a ls  0 .  The s e a rc h  
v e c t o r  As i s  now d i r e c t e d  a t  an an g le  (0 + $) = 90° and th e  new t r i a l  
p o in t  i s  a t  B. The phase  e r r o r  i s  now -4 5 °  and As i s  d i r e c t e d  a t  a n g le  
0 a g a in ,  and so o n .  The system  i s  i n  a l i m i t  c y c le  where s u c c e s s iv e  : 
t r i a l  p o in t s  a l t e r n a t e  between A and B. An a n a l y t i c  e x p re s s io n  i s  now 
d e r iv e d  f o r  th e  maximum o f f s e t  v o l t a g e  t h a t  can be t o l e r a t e d  w i th o u t  
l i m i t  c y c l in g  o c c u r r i n g .
3 .1 .1  D e te rm in a t io n  o f  maximum v a lu e  o f  o f f s e t  v o l t a g e
( i )  e p o s i t i v e ,  9 in  t h i r d  and f o u r th  q u a d ra n ts
F ig  3 .4 a  shows a l i m i t  c y c le  f o r  a g e n e ra l  s e t - o f f  d i r e c t i o n
.«• 0. The t i p  o f  th e  s e a rc h  v e c t o r  As ta k e s  on a l t e r n a t i n g  v a lu e s  o f  L*
and M*. Due to  th e  o f f s e t  v o l t a g e  eQy> th e  t r i a l  p o in t s  ap p e a r  to  be 
a t  L and M r e s p e c t i v e l y .  For a l i m i t  c y c le  /MON = /NOL = a ,  and i t  
fo l lo w s  t h a t  / L t0Mt e q u a ls  a .  C o n s t ru c t in g  OP -  e , PL = PM = As, 
and /LPM « a .  S ince  /LOM = 2a, P l i e s  on th e  c i rc u m fe re n c e  o f  a c i r c l e ,
w h i l s t  0 l i e s  on th e  c i rc u m fe re n c e  o f  a second c i r c l e  t h a t  p a s s e s  th ro u g h
th e  c e n t r e  o f  th e  f i r s t  c i r c l e .  T h is  i s  shown in  F ig  3 .4 b ,  w here /TON 
e q u a ls  0 .  QN i s  a d ia m e te r  o f  th e  in n e r  c i r c l e  and so /QON i s  a r i g h t
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A s
F ig  3*3 Diagram showing th e  l i m i t  c y c le  t h a t  o c c u rs  when
0 = 4 5 ° ,  e oy = Z W / S ' .
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F ig  3 .4 a  A . l i m i t  c y c le  f o r  a  g e n e r a l
s e t  o f f  d i r e c t i o n  8 .
A s
F ig  3 ,4 b  R e-arrangem en t o f  F ig  3 .4 a  w i th  
c o n s t r u c t i o n s .
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a n g le .  T h e re fo re  /POQ e q u a ls  0. P u t t i n g  PQ « A and QR *= B, we have
A -  ------—-------  (3 .2 )
2cos j
B = ------    (3 .3 )
4cos 2-.cos a
From F ig  3 .4 c  ta n  0 a t a n  3 88 x"+~A
th u s  ta n  3 = t a n (0  -  g) =------ — — z------~ (3 .4 )
Ax + x + y
The e q u a t io n  o f  th e  c i r c l e  i s  g iv e n  by:
(x -  B)2 + y 2 = B2
i . e .  x^ + y^ = 2Bx ( 3 .5 )
S u b s t i t u t i n g  in  e q u a t io n  3 .4
x(A + 2B)ta n  0 = —r;~ 7 'oV \ ' (3 .6 )
2 2 2 Also from F ig  3 .4 c  e = (A + x) + yoy J
and s u b s t i t u t i n g  from e q u a t io n  ( 3 .5 ) :
2  A2e -  A
X = S L - ( 3 . 7 )
2 (A + B)
From e q u a t io n s  (3 .6  and 3 .7 )  and employing (3 .5 )  where a p p l i c a b l e ,  and 
th e n  s u b s t i t u t i n g  from e q u a t io n s  (3 .2 )  and ( 3 .3 ) ,  we o b t a i n :
As cos -
e =----------------------------------— ----------—y— r  ( 3 .8 )
cos a + (1 . + 2cos a)  s i n  0~^
']
For a  l i m i t  c y c le  n o t  to  o c c u r ,  a  must equa l  z e ro .  The maximum 
a l lo w a b le  v a lu e  o f  o f f s e t  v o l t a g e  e i s  th e n  g iven  by:
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o ( x ,y )
P
F ig  3 .4 c  R e-arrangem en t o f  r e l e v a n t  s e c t i o n  o f  F ig  3 .4 b  
u sed  i n  d e r iv i n g  e q u a t io n s  (3*4) t o  (3 .7 )*
P
oy
F ig  3 .4 d  D eg en e ra t io n  o f  F ig  3 .4 b  f o r  t h e  c a s e  a  » 0, 
i . e .  no l i m i t  c y c le  o ccu rr in g o
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eoy(max) « — ---- — ------ y — r  (3 .9 )
fjL + 3 s in  9 ] ] 2
When ct = 0 ,  th e  p o in t s  L, N and M in  F ig  3 .4b  become a s i n g l e  p o i n t .
This  s i t u a t i o n  i s  shown in  F ig .  3 .4 d .
F or th e  s p e c i a l  c a se  when 0 i s  p r e c i s e l y  eq u a l  to  7r/2, Q as  an
a c u te  a n g le  does n o t  e x i s t  and th e  above a n a l y s i s  i s  i n a p p l i c a b l e .  F o r
t h i s  s p e c i a l  c a se  l i m i t  c y c l in g  o ccu rs  when e^ >As, th e  l i m i t  c y c le  a n g le  
b e in g  ±180°.
( i i )  e p o s i t i v e ,  e in  f i r s t  and second q u a d ra n ts
F or th e s e  c o n d i t io n s  a l i m i t  c y c le  canno t o c c u r .  However i f  
e i s  too  l a r g e  f o r  a p a r t i c u l a r  s e t - o f f  d i r e c t i o n  a  t r i a l  p o i n t  ly in g  
on th e  lo c u s  w i l l  n o t  be  found . In  F ig  3 .5 a ,  OP i s  eq u a l  t o  e and a 
c i r c l e  o f  r a d iu s  a s , c e n t r e d  on P , i s  c o n s t r u c t e d .  Now as must m eet 
th e  l i n e  ON ( th e  s e t - o f f  d i r e c t i o n )  in  o r d e r  to  g iv e  an a p p a re n t  t r i a l  
p o in t  in  th e  l o c u s .  Hence e i s  to  be  reduced  to  a  v a lu e  P'O (F ig  
3 .5b )  such t h a t  ON touches  th e  c i r c l e .  Thus ON m eets  th e  c i r c l e  a t  a 
t a n g e n t .  I f  t h i s  w ere n o t  s o ,  th e n  ON would c u t  th e  c i r c l e  and imply 
t h a t  a l a r g e r  v a lu e  o f  cou ld  be used  f o r  th e  t i p  o f  th e  s e a r c h  v e c t o r  
to  l i e  on ON. T h e re fo re  th e  a n g le  shown i s  a r i g h t  a n g le ,  and th e  
maximum v a lu e  o f ' e  i s  g iv en  by:
e = AS (3 .1 0 )
oy(max) cos 9
F ig  3 .4 d  and F ig  3 .5b can be combined to  show th e  maximum 
a l lo w a b le  v a lu e  o f  e ( p o s i t i v e )  f o r  d i f f e r e n t  s e t - o f f  d i r e c t i o n s .
oy
This  i s  shown i n  F ig  3 .6 .
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F ig  3*5 E f f e c t  o f  o f f s e t  v o l t a g e  (e  ) i n  f i r s t  q u a d r a n t<
A s
A s
F ig  3*6 Diagram showing maximum p e r m is s ib le  v a lu e r ;o f  e 
( p o s i t i v e )  f o r  d i f f e r e n t  s e t  o f f  d i r e c t i o n s  0 .
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cry (max)
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135
(* 45°)
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F ig  3 . 7  Maximum p e r m i t t e d  v a lu e s  o f  e and e °  oy ox
i n d i c a t e d  i n  i n s e t ) ,  f o r  d i f f e r e n t  set-  
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- 70° ( - 160°)
- 6 0 ° ( - 150*)
- 45° ( - 135)
0° (-90-)
( i n  d i r e c t i o n s  
o f f  d i r e c t i o n  0«
From e q u a t io n s  (3 .9 )  and (3 .1 0 )  th e  v a lu e s  o f  e0y (max) a re
c a l c u l a t e d  f o r  v a ry in g  8 and th e  c o r re s p o n d in g  d iagram  i s  g iv e n  i n  F ig  3 .7 .
I t  i s  seen  t h a t  th e  minimum v a lu e  o f  eQy (maxy *-s As/2 when 0 te n d s  to
it/ 2 . I f  e had been n e g a t iv e ,  th e n  th e  same a n a l v s i s  would have oy
y ie ld e d  a minimum v a lu e  f o r  e0y (max) As/2 f o r  6 eq u a l  to  - tt/ 2 .
The d i s c u s s io n  so f a r  i s  a p p l ic a b le  to  an o f f s e t  v o l t a g e  eOX
o c c u r r in g  in  th e  X channe l a lo n e ,  th e  Y ch an n e l  b e in g  assumed p e r f e c t .
These r e s u l t s  a r e  shown by th e  b r a c k e te d  a n g le s  i n  F ig  3 . 7 .  I t  i s
o bserved  t h a t  th e  more c r i t i c a l  v a lu e s  o f  e , N a r e  i n  th e  rangeox (max)
0 = ~ir/2 to  8 = +tt/ 2 , w h i l s t  f o r  e0y ( max) t i^e ran g e  i s  0 = 0 to 0  = tt*
Hence f o r  th e  p o l a r i t i e s  o f  e and e shown, th e  w o rs t  com bina tion  r  ox oy
o f  th e s e  o f f s e t  v o l t a g e s  o c c u rs  in  th e  range  0 = 0 to  *0 = tt/ 2 . F ig
3 .8  shows d ia g ra m m a tic a l ly  th e  w o rs t  com bina tions  o f  p o s i t i v e  and
n e g a t iv e  v a lu e s  o f  e and e i n  th e  fo u r  q u a d ra n t s .°  ox oy
( i i i ) ------ C o n s id e ra t io n s  o f  w o rs t  c a s e  com bina tions  o f  e and e —----- - — ----------------  ox------- —oy
F ig  3 .9  shows o f f s e t  v o l t a g e s  e ^  and e summing to  g iv e  a 
r e s u l t a n t  v o l t a g e  e ^ .  C o n s t ru c t in g  SS1 p e r p e n d i c u la r  to  e^ ,  TT*
p e r p e n d ic u la r  to  ON, i t  fo l lo w s  t h a t  /S  'ON = /UOT' = ij/. The r e s u l t s  
o b ta in e d  in  ( i )  can be  a p p l ie d  h e re  w i th  0 r e p la c e d  by \fj. T ha t i s :
e r (m ax )2 "  E r /  + 6o y ^  (max) j  ^ g i n 2,-
e cos0 + e s m 0  . , ox oy (3 .1 2 ;From F ig  3 .13  sini|> =  x-----------xr------
R  2 +  e  H  J
L p x  oy J 2
From e q u a t io n  3 .1 1 ,  th e  minimum v a lu e  o f  e r (max) o ccu rs  when $ = 7r/2, i.fe,
F ig  3 08 W orst com bina tions  o f  e and e Qx i n  t h e  f o u r  q u a d ra n t s
Fig 3 .10
LT= e
oy
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AsI f  e = e -  e , then  e ( % = —— (3 .1 4 )ox oy o ’ o(max) 2 ^
E q u a tio n  3 .13  g iv e s  us th e  maximum v a lu e s  t h a t  th e  sum o f  th e  
s q u a re s ,  o f  th e  two o f f s e t  v o l t a g e s ,  can ta k e  w i th o u t  l i m i t  c y c l in g  
o c c u r r in g  f o r  any s e t - o f f  d i r e c t i o n  0.
Summarising th e  c o n c lu s io n s  a r r i v e d  a t  i n  s e c t i o n  3 . 1 .1 ,
(*-) The r e s u l t a n t  o f  th e  two o f f s e t  v o l t a g e s  o c c u r r in g
in  b o th  chan n e ls  must n o t  be g r e a t e r  th a n  A s/2 .
( i i )  O f f s e t  v o l t a g e  r e s u l t s  in  an in c re a s e d  number o f  
i t e r a t i o n s  b e in g  r e q u i r e d  to  f in d  th e  f i r s t  and 
second ' t r u e *  p o in t s  in  th e  l o c u s ,  th e  number 
i n c r e a s in g  as o f f s e t  v o l t a g e  i n c r e a s e s .
(
( i i i )  The lo c u s  d is p la y e d  on th e  C.R.O. o r  any o th e r  
o u tp u t  d e v ic e ,  w i l l  be d i s p la c e d  from th e  c o r r e c t  
lo c u s  by an amount equa l  to  th e  o f f s e t  v o l t a g e .
3 . 1 . 2 .  D e te rm in a t io n  o f  th e  number o f  i t e r a t i o n s  r e q u i r e d  i n  f in d i n g
th e  f i r s t  1 t r u e 1 p o in t  in  th e  l o c u s .
F ig  3 .10  shows th e  s i t u a t i o n  a f t e r  a number o f  i t e r a t i o n s  f o r  
a s e t  o f f  d i r e c t i o n  0 and an o f f s e t  v o l t a g e  eQy* Angle A i s  th e
summation o f  a l l  th e  phase  e r r o r s  g e n e ra te d  a t  th e  p re v io u s  t r i a l  p o i n t s .
The new t r i a l  p o in t  i s  a t  T hav ing  a phase  e r r o r  0 .  From th e  f i g u r e ,
/ONL = ( t t /2  + 0) and /OTL = (t t /2  + 0 - 0 ) .
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s in (A  + 0) s in (7 r/2  + 0 - 0 )
P u t t i n g  e /  i s  = E we o b ta in
°y
0 » ta n  ^ EcosQ -  sinA  (3 .1 5 )
cosA -  EsinG
At th e  s t a r t  o f  th e  co m p u ta tio n ,  A = 0 and th e  f i r s t  phase  
e r r o r  0^ i s  found from e q u a t io n  ( 3 .1 5 ) .  F o r th e  second i t e r a t i o n ,
A = 0^ and a new phase  e r r o r  0^ i s  d e te rm in e d .  For th e  t h i r d  i t e r a t i o n ,  
A = (0^ + 0£) and so on.
A com puter program was deve loped  to  d e te rm in e  th e  phase  e r r o r s
a t  s u c c e s s iv e  i t e r a t i o n s  f o r  d i f f e r e n t  v a lu e s  o f  E and 0 .  The r e s u l t s
f o r  .the more im p o r ta n t  cases  a r e  shown i n  F ig  3 .1 1 ,  3 .1 2 ,  and 3 .1 3 .
From th e s e  th e  number o f  i t e r a t i o n s  r e q u i r e d ,  to  reduce  th e  p h ase  e r r o r
to  l e s s  th a n  a s p e c i f i c  v a lu e ,  can be o b ta in e d .  For example i n  F ig  3 .12
p h ase  e r r o r  bounds o f  ± 0 .5 °  have been drawn, and i t  i s  seen  t h a t ,  f o r
E = 0 . 4 ,  n o t  more than  e i g h t  i t e r a t i o n s  a r e  r e q u i r e d  f o r  any v a lu e  o f  0.
F ig  3 .14  shows th e  number o f  i t e r a t i o n s  r e q u i r e d ,  to  reduce  th e  ph ase
e r r o r  to  l e s s  th a n  ± 0 . 5 ° ,  as  a f u n c t io n  o f  0 f o r  d i f f e r e n t  v a lu e s  o f  E.
As i s  to  be ex p ec ted  from e q u a t io n  3 .9  and F ig  3 .7 ,  th e  number o f
i t e r a t i o n s  i n c r e a s e s  as 0 approaches tt/2 f o r  the  c a s e  E = 0 . 5 .  I t  
should  be n oted  t h a t  f o r  example a s e t  o f f  d i r e c t i o n  o f  85° i s  a lm ost
i n  t h e y  d i r e c t i o n .  Hence th e  a n g u la r  e r r o r  a s s o c i a t e d  w i th  th e  f i r s t
t r i a l  p o in t  i s  s m a l l ,  be ing  v e ry  c l o s e l y  eq u a l  to  5° even when E =0.5 .
F ig  3 .13  enhances a f e a t u r e  e x h i b i t e d  by F ig  3 .11 and 3 .1 2 .  
Namely, t h a t  th e  maximum phase  e r r o r  m agn itude ,  a t  s u c c e s s iv e  i t e r a t i o n s ,  
o cc u rs  a t  i n c r e a s in g  v a lu e s  o f  Q. F ig  3 .15 shows th e  r a t i o ,  o f  th e  
p hase  e r r o r  m agnitude a t  th e  h u n d red th  i t e r a t i o n  to  th e  phase  e r r o r  a t  
th e  f i r s t  i t e r a t i o n  f o r  th e  range  80° ^ 0 < 89° (E = 0 . 5 ) .  I t  i s  
o b se rved  t h a t  a t  89° t h i s  r a t i o  i s  0 .9 7 ,  i n d i c a t i n g  t h a t  th e  system  i s  
v e ry  c lo s e  to  a l i m i t  c y c l e .
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PHASE ERROR 
2o|* (d e g re e s )
n=1
10
n=3
0 3«*S «2aa£3B JB eaS 32
n=2
-20
806020 3010 70
F ig  3 .1 1  Graph showing p hase  e r r o r  a t  s u c c e s s iv e  i t e r a t i o n s  
f o r  v a ry in g  0 .  (E = 0 . 3 )
- 49 -
PHASE ERROR 
(d e g re e s )
20
vn=1
n=5
n»7
n=2
s  0*4:
20
 ^ H— y U Mi 1— "-■* ——1— — — — j^jL— —-  T ■ ... ft— —— —
IQ 20 30 bO 50  60 70
< - * *  ‘ °  >
F ig  3*12 Graph showing phase  e r r o r  a t  s u c c e s s iv e  i t e r a t i o n s
f o r  v a ry in g  0 .  (E..« 0 .4 )
- 50 -
PHASE ERROR 
30  ^  ( d e g re e s ) n=1
20
E = 0 ,5
n=3
n=7
n = 1 0 0 ^
3^v10
3 1 = 8
-10
'  3 1 = 2
20
( 0 )
F ig  3 ,13  G raph showing phase  e r r o r  a t  s u c c e s s iv e  i t e r a t i o n s  
f o r  v a lu in g  ©. (E = 0*5)
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Number o f
i t e r a t i o n s
E = 0 .5
20
10
  /
A - - . /
o o
E = 0 .0
:o
20
F ig  3*14 Graph showing number o f  i t e r a t i o n s  r e q u i r e d  t o  re d u c e  
p hase  e r r o r  t o  l e s s  th a n  0 . 5 °  v s .  s e t - o f f  d i r e c t i o n  0 ,  
f o r  d i f f e r e n t  v a lu e s  o f  E .
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1 .0  »
0 . 5
( k $ )  Or*
F ig  3«15 Graph o f
phase  e r r o r  a t  t h e  1 0 0 th  i t e r a t i o n
phase  e r r o r  a t  t h e  1 s t  i t e r a t i o n
vs  0 ,
f o r  t h e  range  8 0 °^  9 ^ 8 9 ° .
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For o f f s e t  v o l t a g e s  i n  b o th  c h a n n e ls ,  e q u a t io n  3 .15  can be a p p l i e d  
w i th  th e  fo l lo w in g  s u b s t i t u t i o n s :
-  yE = /  e 2 + e 2oy ox
As
0 = 0 -  t a n  ^er  ox
eoy
The v a lu e s  o f  0^ g iven  i n  b r a c k e ts  F ig  3 .11  to  3 .15  ( i n c l u s i v e )
a r e  f o r  th e  c a se  e “ eoy ox
3 .2  E f f e c t  o f  g a in  e r r o r
T h is  i s  to  be c o n s id e re d  f o r  two c a s e s :
( i )  E f f e c t  o f  g a in  e r r o r  i n  th e  system  up to  th e  p o i n t
where th e  c a r t e s i a n  c o - o r d in a t e  v o l t a g e  d i f f e r e n c e s  
a r e  o b ta in e d ,  i . e .  th e  v i r t u a l  e a r t h  p o i n t s  o f  
a m p l i f i e r s  a ^  and a ^ i n  F ig  2 .3 .  T h is  i s  shown 
to  have s i m i l a r  e f f e c t s  to  o f f s e t  v o l t a g e .
( i i )  E f f e c t  o f  non u n i t y  g a in  e r r o r  i n  a ^  and a  ^
(assum ing t h a t  t h e r e  i s  no e r r o r  o f  type  ( i )  above)
3 .2 .1  E f f e c t  o f  g a in  e r r o r  in  d e r iv in g  c a r t e s i a n  c o - o r d in a t e  v o l t a g e  
d i f f e r e n c e s
I n i t i a l l y  g a in  e r r o r  i n  th e  Y channe l i s  c o n s id e r e d .  The 
t r a n s f e r  f u n c t io n  employed in  s e c t i o n  3 .1  i s  a g a in  u sed ;  t h e  r o o t  lo c u s  
b e in g  shown in  F ig  3 .1 .
From p o le  P , i n  F ig  3 .1  th e  s e t - o f f  d i r e c t i o n 0 i s  d e te rm in e d .  
S ince  th e  an g le  to  th e  s t a r t i n g  p o le  i s  ig n o re d ,  0 w i l l  be  v e ry  n e a r l y
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equal to  th e  t r u e  s e t - o f f  d i r e c t i o n ,  p ro v id e d  a ■ i s  s m a l l .  The 
o p e r a t io n  o f  th e  r e s o l v e r  c i r c u i t  y i e l d s  v o l t a g e s  r e p r e s e n t i n g  Ascos0 
and As s inQ . These a r e  added to  th e  v o l t a g e  c o - o r d in a t e s  o f  P to  g iv e  
th e  f i r s t  t r i a l  p o in t  S ( s e e  F ig  3 .16 )  s t o r e d  in  sample and h o ld  
c i r c u i t s  S2X and S2Y.
From S, th e  a n g le  to  each p o le  i s  m easu red . F or sm a l l
th e  a n g le s  to  th e  p o le s  Q and R have v e ry  n e a r l y  t h e i r  c o r r e c t  v a l u e s .
When c a l c u l a t i n g  th e  an g le  to  th e  s t a r t i n g  p o le  P, b eca u se  o f  g a in
e r r o r  a  p o i n t  P ap p ea rs  to  be a t  P*. The r e s u l t i n g  p h ase  e r r o r
C® / S P ,Nt ) i s  i n d i c a t e d  in  F ig  3 .1 6 .  By s im p le  geometry i t  i s  seen
t h a t  ^  = /aPS where aS = P P ’ . The s i t u a t i o n  i s  now v e ry  s i m i l a r  to
t h a t  o f  a m p l i f i e r  o f f s e t  v o l t a g e  d i s c u s s e d  i n  s e c t i o n  3 .1 .  ^  i s  now
s u i t a b l y  added to  th e  s e t - o f f  d i r e c t i o n  to  g iv e  a new t r i a l  p o i n t
s to r e d  i n  th e  sample and h o ld  c i r c u i t s  S2X and S2Y. From S^, th e
second phase  e r r o r  ^S^P >Nt -  /bPS i s  d e te rm in ed  and added to  t h e  t o t a l
a n g le  so f a r  computed to  p roduce  a t h i r d  t r i a l  p o i n t ,  and so o n .  The
p ro c e s s  c o n t in u e s  u n t i l  a  p o in t  i s  reac h ed  where th e  p h ase  e r r o r
y s ^ P 'N 1 ~ /nPS i s  l e s s  th a n  th e  p e r m i t t e d  v a lu e  e .  The v o l t a g e
c o - o r d in a t e s  o f  S a r e  s to r e d  in  S2X and S2Y and sample and h o ld  c i r c u i t s  n
SIX and S1Y a r e  u pda ted  to  d i s p l a y  th e  p o i n t  S^.
From S^, a new t r i a l  p o in t  i s  ta k e n ,  th e  a n g le  to  t h e
s t a r t i n g  p o le  b e in g  m easured from d . The v e c t o r  head ing  from i s
a d j u s t e d  by s u c c e s s iv e  p h ase  e r r o r s  u n t i l  t h e  p o in t  i s  r e a c h e d ,  where
th e  p h ase  e r r o r  a t  n  i s  l e s s  th a n  e .  Thus th e  system  ta k e s  e x t r as
i t e r a t i o n s  in  f in d in g  th e  f i r s t  and second ’t r u e 1 p o in t s  when compared 
w i th  a  system  hav ing  no g a in  e r r o r .
I t  i s  o bse rved  t h a t  th e  e f f e c t s  o f  a m p l i f i e r  g a in  e r r o r  a r e  
v e ry  s i m i l a r  to  th e  e f f e c t s  o f  a m p l i f i e r  o f f s e t  v o l t a g e  f o r  t r i a l  p o i n t s
7  y
A s
C o r re c t
lo c u s
As
7  7
O utpu t 
, l o c u s
F ig  3o l6  Diagram showing e f f e c t  o f  Y ch an n e l  g a in  e r r o r  (a  ) on
7
t r i a l  p o i n t  p o s i t i o n  (S) a t  s u c c e s s iv e  i t e r a t i o n s , .
- 56 -
i n  th e  v i c i n i t y  o f  th e  s t a r t i n g  p o l e .  The c o n c lu s io n s  a r r i v e d  a t  in
s e c t i o n  3 .1 .1  can  be  a p p l i e d  to  g a in  e r r o r ,  th e  te rm  " o f f s e t  v o l t a g e "
now b e in g  equa l to  a  V in  th e  Y channe l  and a  V i n  th e  X c h a n n e l .°  y ny x nx
V^x* a r e  th e  v o l t a g e  c o - o r d in a t e s  o f  a  s t a r t i n g  p o le .
3 .2 .2  E f f e c t  o f  g a in  e r r o r  fo l lo w in g  th e  d e r i v a t i o n  o f  th e  c a r t e s i a n  
c o - o r d in a t e  v o l t a g e  d i f f e r e n c e s
I n  F ig  2 .3  th e  c a r t e s i a n  c o - o r d in a t e  v o l t a g e  d i f f e r e n c e s  f o r  
th e  X and Y i n i t i a l  c o n d i t io n s  o f  th e  in v e r s e  r e s o l v e r ,  a r e  o b ta in e d  
a t  th e  r e s p e c t i v e  o u tp u t s  o f  a ^  and a ^ .  L e t  th e s e  v o l t a g e s  be  Vx 
and Vy r e s p e c t i v e l y .  The g e n e ra l  a n g le  0, r e s u l t i n g  from th e  o p e r a t i o n  
o f  th e  in v e r s e  r e s o l v e r  i s :
8 = . -1  Vta n
Vx
(3 .1 6 )
Assuming th e  g a in  e r r o r  in  a m p l i f i e r s  a ^  and a ^  to  be a^ and a 
r e s p e c t i v e l y ,  t h e  a n g le  computed w i l l  b e :
t a n  (0 + 60) =
V (1 + a  )
V (1 + a ‘)x x
V (1 + a) y - (3 .1 7 )
From e q u a t io n s  3 .16  and 3 .17  we o b ta in :
where a  = a  -  a y x
60 *» ta n -1
1 +
aV
_ £
Vx
V
V
(1 + a)
(3 .1 8 )
For a <<1, th e  maximum a n g u la r  e r r o r  o ccu rs  when = V^, t h a t  
i s  0 = 45° ,  whence 50 -  ta n  ^ a /2  * a /2  r a d i a n .
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At any p o i n t  i n  th e  lo c u s ,  f o r  any p a i r  o f  v a lu e s  o f  and
co nnec ted  to  th e  i n v e r s e  r e s o l v e r ,  th e  a n g le  computed w i l l  b e  i n  e r r o r
by th e  amount g iv e n  by e q u a t io n  ( 3 .1 8 ) .  Hence i f  a l l  s i x  p o le s  o f  th e  
machine w ere b e in g  employed f o r  a p a r t i c u l a r  t r a n s f e r  f u n c t i o n ,  th e  
maximum t o t a l  e r r o r  cou ld  be  6 a /2  r a d .  This  im p l ie s  t h a t  a  p o i n t  i n  
a b ran ch  o f  th e  r o o t  lo c u s  makes an a n g le  o f  45° to  every  p o l e .  This  
i s  a  v e ry  rem ote  p o s s i b i l i t y .  I t  i s  e s t im a te d  t h a t  a more r e a l i s t i c  
f i g u r e  i s  1 . 5a r a d .  f o r  th e  maximum t o t a l  a n g u la r  e r r o r  a t  any p o in t  
i n  any b ran ch  o f  a l o c u s ,  f o r  any com bina tion  o f  p o le s  and z e r o e s .  I t
i s  n o te d  t h a t  when z e ro e s  a r e  u sed ,  th e  t o t a l  a n g u la r  e r r o r  re d u c e s
s in c e  th e  b a s i c  machine e q u a t io n  i s  | lZ  -  EP -  Tr|<e. F ig  3 .1 7  shows 
an e n la rg e d  p o r t i o n  (o b ta in e d  by com puter program) o f  th e  lo c u s  g iv e n  
in  F ig  3 . 1 .  A lso  shown i s  th e  lo c u s  o b ta in e d  when th e  g a in  e r r o r s  i n  
a m p l i f i e r s  a ^  and a ^ a r e  ze ro  and 5% r e s p e c t i v e l y .  F or com parison  
p u rp o s e s ,  th e  1 7 7 .6°  and 186° l o c i  o f  th e  g iv e n  t r a n s f e r  f u n c t i o n  a r e  
shown.
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C H A P T E R  ' 4
DESIGN CONSIDERATIONS SECTION 2
4 .1  E f f e c t s  o f  e r r o r s  in  th e  lo c u s  u p d a t in g  c i r c u i t s
In  th e  Y channe l th e  lo c u s  u p d a t in g  c i r c u i t  com prises  
a m p l i f i e r s  ay^» ayg an{* sample and h o ld  c i r c u i t s  S2Y and S1Y (F ig  2 .3  
and F ig  4 . 1 ) .  In  th e  X channe l th e  co r re sp o n d in g  e lem en ts  a r e  a , 
ax g» S2X and SIX. In  each s u b - s e c t i o n  t h a t  fo l lo w s  we c o n s id e r  
i n i t i a l l y  e r r o r s  in  th e  Y channe l a lo n e .  The open  loop t r a n s f e r  
f u n c t io n  ta k e n  as an example in  C hap te r  3 i s  a g a in  c o n s id e re d ,  th e  r o o t  
lo c u s  b e in g  rep ro d u ced  in  F ig .  4 . 2 .
4 .1 .1  E f f e c t  o f  e r r o r s  i n  sample and h o ld  c i r c u i t  S2Y
( i )  O f f s e t  v o l t a g e
With p o le  P (V , V ) as  th e  s t a r t i n g  p o le  th e  o u tp u t  o f  sample x y
and h o ld  c i r c u i t  S2Y would be  s e t  i n i t i a l l y  to  th e  nominal v a lu e  V .
y
Due to  o f f s e t  v o l t a g e  e^ r e s u l t i n g  from th e  o p e r a t io n  o f  S2Y, th e  o u tp u t
o f  S2Y i s  Vy + e^ (shown as p o in t  P* in  F ig  4 . 3 ) .  Sample and h o ld
c i r c u i t  S1Y i s  assumed p e r f e c t ,  and i t s  o u tp u t  i s  s e t  to  th e  same v a lu e
o f  v o l t a g e  as  in  S2Y, namely + e ^ .  At P* th e  s e t  o f f  d i r e c t i o n  0
i s  d e te rm in e d .  S ince  th e  an g le  to  th e  s t a r t i n g  p o le  i s  ig n o re d  f o r  th e
com pu ta tion ,  th en  0 i s  v e ry  n e a r l y  eq u a l  to  i t s  c o r r e c t  v a lu e  f o r  sm a ll
e .  . 
l y
♦
The r e s o l v e r  o u tp u t s ,  Ascos0 and AssinO, a r e  summed w i th  th e  
o u tp u t s  o f  SIX and S1Y r e s p e c t i v e l y  and connec ted  to  th e  sam ple and h o ld  
c i r c u i t s  S2X and S2Y. Consequently  th e  o u tp u ts  o f  th e  l a t t e r  c o n ta in  th e  
c o - o r d in a te s  o f  th e  f i r s t  t r i a l  p o in t  a (F ig  4 .3 )  th e  o r d i n a t e  o f  
. -  60 -
Resolver
- >  C .RS 2 Y S 1 Y
F i g  4 . 1  L o c u s  u p d a t i n g  c i r c u i t  (Y  c h a n n e l ) .
. 0 .  »Y*;
F i g  4 o 2  R o o t  l o c u s  f o r  a  s y s t e m  h a v i n g  a n  o p e n  l o o p  t r a n s f e r  
f u n c t i o n :  K / s ( s  +  3  + j 4 ) ( s  + . 3  -  j 4 ) »
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Fig 4o3 Effect of offset voltage (e2y) generated in sample and
hold circuit S2Y0 Diagram shows positions of trial points
(a,b...n,a!, etc) at successive iterationso
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which is given by
V + e. + As s in 0  + e- — • —
y iy  iy
The a d d i t i o n a l  e ^  te rm  a r i s e s  from th e  r e - o p e r a t i o n  o f  sam p le .an d  h o ld  
c i r c u i t  S2Y.
For sm all  As, th e  l i n e  PS^ can be assumed to  l i e  on th e  lo c u s  „ 
The phase  e r r o r  ^  a t  a i s  equa l to  /a P S ^ .  This  i s  added to  th e  s e t - o f f  
d i r e c t i o n  and a new t r i a l  p o in t  b i s  e s t a b l i s h e d .  At b a f u r t h e r  p h ase  
e r r o r  i s  d e te rm in e d ,  and th e  p ro c e s s  c o n t in u e s  u n t i l  a t r i a l  p o i n t  n i s  
found hav in g  a phase  e r r o r  l e s s  th a n  e .  I t  i s  observed  t h a t  s e v e r a l
i t e r a t i o n s  a r e  r e q u i r e d  to  f in d  th e  f i r s t  t r u e  p o i n t ,  and t h a t  th e  s e t ­
o f f  d i r e c t i o n  i s  changed by an amount such as  to  compensate f o r  th e  
t o t a l  d isp la c e m e n t  2e^ .
When th e  f i r s t  ' t r u e *  p o in t  n has  been l o c a t e d ,  S1Y i s  upda ted  
to  th e  v a lu e  c o n ta in e d  in  S2Y, i . e .  th e  o r d in a t e  v a lu e  o f  th e  f i r s t  p o i n t  
in  th e  lo c u s .  From n a new t r i a l  p o in t  i s  ta k en  a t  th e  l a s t  head in g  
/OPfS^ (p lu s  th e  l a s t  phase  e r r o r )  and r e - o p e r a t i o n  o f  S2Y y i e l d s  a  t r i a l  
p o i n t  a t  a 1. E x t ra  i t e r a t i o n s  a r e  ta k e n  in  f in d in g  th e  second t r u e
p o in t  in  th e  lo c u s ,  th e  head ing  an g le  changing  to  com pensate f o r  t h e
o f f s e t  v o l t a g e  e ^y* A f te r  th e  second t r u e  p o in t  has  been found , sub­
seq u en t  t r u e  p o in t s  in  th e  lo cu s  a r e  l o c a te d  w i th  no e x t r a  i t e r a t i o n s
■ 1 ■ b e in g  r e q u i r e d  when compared w i th  a system  hav ing  ze ro  o f f s e t  v o l t a g e .
I t  i s  observed  t h a t  t h e r e  i s  a s i m i l a r i t y  between t h i s  e r r o r  
and th e  o f f - s e t  v o l t a g e  e r r o r  in  th e  c i r c u i t s  p re c e d in g  th e  i n v e r s e  
r e s o l v e r  (C hap te r  3 ) .  The im p o r ta n t  d i f f e r e n c e  i s  t h a t  o f f s e t  v o l t a g e  
e r r o r s  in  S2Y and S2X a r e  s e l f  c o r r e c t i n g ;  i n  th e  sen se  t h a t  th e  
o u tp u t s  o f  th e s e  c i r c u i t s  e v e n tu a l ly  a c h ie v e  v a lu e s  r e p r e s e n t i n g  a ' t r u e 1 
p o i n t  i n  th e  lo cu s  (w i th in  ± e ) .
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The system  can e n t e r  a l i m i t  c y c le  and th e  a n a l y s i s  shown in  
s e c t i o n  3 .1 .1  can be a p p l ie d  to  t h i s  c a se  by r e p l a c in g  e by 2e^y .
From e q u a t io n  3 .9 :
2e ly(m ax) = £  + J  s i n 2 ^ i
C o n s id e r in g  th e  w o rs t  com bina tions  o f  o f f s e t  v o l t a g e  e^x and e^y in  t h e  
X and Y c h a n n e ls ,  we o b ta in  from e q u a t io n  (3 .1 3 ) :
( 2e l y )2  + (2e l x )2 -  — ----------  ( 4 .2 )max 4
From F ig .  4 .3  i t  i s  seen  t h a t  th e  e f f e c t i v e  s te p  l e n g th ,  i 
Pn(=Az), i s  l e s s  than  As, r e s u l t i n g  i n  an i n c r e a s e  in  th e  com pu ta tion  
tim e  r e q u i r e d  to  p l o t  a g iv e n  s e c t i o n  o f  th e  lo c u s .  By a p p l i c a t i o n  o f  
th e  c o s in e  r u l e  i t  can be shown t h a t
Az As
I (AV cos0 + AV s in 0 )^  (AV s i n 0 -  AV cos0)
U -  y x _  y________ * _____
a 2 AsAs
0 (measured in  c lo ck w ise  d i r e c t i o n ) , i s  th e  t r u e  
h ead in g  a n g le  a t  p o in t s  i n  th e  locus
f
where AV = 2e, , AV = 2e- f o r  th e  f i r s t  ' t r u e *  p o i n t  andy ly* x lx  r
AV = e, , AV -  e , f o r  th e  second and su b se q u en ty ly  ’ x ly
’t r u e ’ p o i n t s .
( i i )  Gain e r r o r  6.
( 4 .3 )
-I
Upon u p d a t in g  S2Y to  th e  f i r s t  t r i a l  p o i n t ,  i t s  o u tp u t  becomes
' ■Q.
( see  F ig  4 . 1 ) :
|Vy ( l  + + As sin0~J(1 + ^  =  Vy ( l  + 2 6 ^  + A s( l  + 6^  sinQ
where Vy i s  th e  o r d i n a t e  v a lu e  o f  th e  s t a r t i n g  p o le  P .
For p o in t s  in  th e  v i c i n i t y  o f  P ( o r  any chosen p o in t  i n  th e  
lo c u s )  th e  te rm  6,V can be c o n s id e re d  as  a  c o n s t a n t .  The d i s c u s s io n
1 y
i n  ( i )  above a p p l i e s  to  t h i s  c a se  and th e  same c o n c lu s io n s  h o ld .  The 
te rm  6^ A ssin0 and th e  co r re sp o n d in g  te rm  6 Ascos8 a t  th e  o u tp u t  o f  S2X, 
produce a change in  th e  s e a rc h  v e c t o r  h e a d in g .  F ig  4 .4  shows th e  
s e a rc h  v e c t o r  As a t  th e  c o r r e c t  h ead in g  a n g le  0 . Due to  th e  e r r o r  
term s g iven  above, th e  a c t u a l  s e a rc h  v e c t o r  i s  OP/ 8 + 6 0 . From th e  
diagram
AB = 6^ As,
.* .  BC = (61 -  6) As 
and BD = (6^ -  6) Ascos0
AC -  6 As
(4 .4 )
F u r th e r DE = BDsin0 ( 4 .5 )
AE = AB -  BDcosS (4 .6 )
(4 .7 )
From e q u a t io n s  ( 4 . 4 ) ,  ( 4 . 5 ) ,  (4 .6 )  and (4 ,7 )
50 .  t a n - l  (61 -  6 ) s in 8 c o s8
For 6^ and 5 << 1,
60 £  J(S^ -  6 )s in 2 0 ( 4 .8 )
which has  a maximum v a lu e  o f  6^ -  6 r a d i a n
2
For low v a lu e s  o f  g a in  e r r o r  th e  change o f  s e a rc h  v e c t o r  
head in g  i s  so sm a l l  compared to  th e  s h i f t  @VyS^) o f  th e  t r i a l  p o i n t ,  
t h a t  i t  can be n e g l e c t e d .
65
A s  cos 0
A s
A s s in 0
T rue s e a r c h  v e c t o r  = OA 
A c tu a l  s e a r c h  v e c t o r  = OD
F ig  4«4 Diagram showing e f f e c t  o f  g a in  e r r o r  i n  t h e  X an d  Y 
c h an n e ls  on th e  s e a r c h  v e c t o r  heading*,
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(iii) Drift
Any p r a c t i c a l  ana logue  h o ld in g  c i r c u i t  w i l l  e x h i b i t  an o u tp u t  
d r i f t  w ith  t im e .  I n  F ig  4 .2 ,  when com puting th e  s e t - o f f  d i r e c t i o n  from
th e  s t a r t i n g  p o le  P , t h e  e f f e c t  o f  d r i f t  w i l l  be n e g l i g i b l e  i f  th e
c o - o r d in a te  d i f f e r e n c e s  to  th e  o th e r  p o le s  a r e  l a r g e  compared w i th  th e  
d r i f t  m agn itude .  Hence th e  s e t - o f f  d i r e c t i o n  i s  v e ry  n e a r l y  t h a t  o f  an
id e a l  system , and th e  r e s o l v e r  o u tp u t s  a r e  s u i t a b l y  added to  th e  o u tp u t s
I
o f  S1Y and SIX to  g iv e  p o in t  a i n  th e  lo c u s ,  s e e  F ig  4 .5 .  From a  th e
i
phase  e r r o r  i s  computed b u t ,  w h i l s t  t h i s  i s  p r o g r e s s in g ,  p o i n t  a i s  
moving towards a * .  Suppose th e  l a s t  a n g le  to  be  measured i s  th e  one 
back to  th e  s t a r t i n g  p o le ,  whence a  has  moved to  a ’ . The e r r o r  a n g le
a ' P a ' i s  s u i t a b l y  added to  0 to  y i e l d  a new t r i a l  p o in t  b .  When
m easuring  th e  ph ase  e r r o r  a g a in ,  b d r i f t s  t o  b* and i s  a g a in  s i g n i f i c a n t  i n  
th e  measurement o f  a n g le  r e f e r r e d  to  P .  The system  converges  to  a t r i a l
p o i n t  n ,  which d r i f t s  to  n ’ and y i e l d s  a phase  e r r o r  l e s s  th a n  th e
p e r m i t t e d  a n g le  e and hence  i s  a ' t r u e '  p o i n t  i n  th e  lo c u s .
There i s  a second o rd e r  e f f e c t  p r e s e n t  in  t h a t  th e  t r i a l  p o i n t
ta k e s  on d i f f e r e n t  p o s i t i o n s .  The a n g le s  to  o th e r  p o le s  (and z e ro e s )  
a r e  t h e r e f o r e  changing  s l i g h t l y .  Hence th e  tim e t h a t  e l a p s e s  b e f o r e  
th e  a n g le  to  th e  home p o le  i s  m easured , changes s l i g h t l y .  T h is ,  f o r  
w e l l  spaced  p o le s  (and z e r o e s ) ,  can be  n e g l e c t e d .  .
I f  th e  o u tp u t  sample and h o ld  c i r c u i t  S1Y were im m ed ia te ly  
u p d a ted ,  th e  t r u e  p o in t  n* in  th e  lo c u s  would be d i s p la y e d .  The f i n a l  
h ead in g  a n g le  would have a  v a lu e  such as to  com pensate f o r  th e  d r i f t  
v o l t a g e  e_ . T h is  head ing  an g le  would be used  a g a in  to  d e te rm in e  a 
f r e s h  t r i a l  p o in t  a^ which would d r i f t  t o  a ^ ’ when th e  a n g le  back  to  
th e  s t a r t i n g  p o le  was d e te rm in e d .  Hence no e x t r a  i t e r a t i o n s  would be 
r e q u i r e d  f o r  th e  second p o in t  in  th e  lo c u s  compared w i th  an i d e a l  sy s te m .
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Fig 4.5 Effect of drift (e£y) in sample and hold circuit S2Y«
Diagram shows final trial point positions (a,,bf.*nl,
a^1,etc) at successive iterations»
For th e  f i r s t  t r u e  p o in t  th e  e f f e c t s  o f  d r i f t  a r e  s i m i l a r  
to  th e  e f f e c t s  d e s c r ib e d  when d e a l in g  w ith  o f f s e t  v o l t a g e  i n  S2Y. The 
c o n c lu s io n s  a r r i v e d  a t  in  s e c t i o n  4 . 1 . 1 ( i )  ap p ly  a t  t h i s  f i r s t  t r u e  p o i n t .
I t  was s t a t e d  e a r l i e r  t h a t  i f  th e  o u tp u t  sample and h o ld  c i r c u i t  
S1Y were upda ted  im m edia te ly  a f t e r  th e  measurement o f  a n g le s  from . th e  
t r i a l  p o in t  to  th e  s t a r t i n g  p o le ,  th e n  S1Y would y i e l d  a " t r u e "  p o i n t  i n  
th e  l o c u s .  T h is  i s  o f  c o u rse  a h y p o th e t i c a l  c a s e .  There w i l l  always 
be a tim e l a p s e  w h i l s t  ir i s  b e in g  s u b t r a c t e d .  The w o rs t  c a se  o ccu rs  
when a l l  p o s s i b l e  p o le s  (6 ) and z e ro e s  (4) o f  th e  machine a r e  b e in g  u se d ,  
and th e  f i r s t  p o le  lo c u s  b ranch  i s  b e in g  p l o t t e d .  The o u tp u t  c an n o t  be
upda ted  b e f o r e  a l l  o th e r  p o le s  and z e ro e s  have been  i n t e r r o g a t e d  and th e  
a n g le  c a l c u l a t e d .  S ince  th e  main e f f e c t  o f  d r i f t  o cc u rs  o n ly  i n  th e  
measurement o f  th e  a n g le  back to  th e  s t a r t i n g  p o le ,  then  S2Y may have 
d r i f t e d  to  N b e f o r e  u p d a t in g  th e  o u tp u t  sample and h o ld  c i r c u i t  ( s e e  
F ig  4 . 5 ) .  This  i s  e q u iv a le n t  to  in t r o d u c in g  an o f f s e t  v o l t a g e  o f  
N -  n 1 in  S1Y, hence th e  lo c u s  w i l l  be d i s p la c e d  by t h i s  am ount. T h is  
o f f s e t  v o l t a g e  in  S1Y w i l l  reduce  as s u c c e s s iv e  p o le s  a r e  made th e  
s t a r t i n g  p o le .  In  th e  X channe l th e  same c o n c lu s io n s  h o ld .
4 . 1 .2  E f f e c t s  o f  e r r o r s  i n  sample and h o ld  c i r c u i t  S1Y
( i )  O f f s e t  v o l t a g e  e~ (F ig  4 .2 ,  F ig  4 .6 )
■jy
At th e  s t a r t  o f  th e  com pu ta tion  th e  o u tp u t  o f  S2Y i s  s e t  to  th e  y 
v a l u e ,  Vy, o f  th e  s t a r t i n g  p o le  P .  The o u tp u t  o f  S1Y i s  + e ^  w here 
i s  th e  o f f s e t  v o l t a g e  g e n e ra te d  i n  S1Y. The s e t  o f f  d i r e c t i o n  8 i s  
de te rm ined  and As sinQ i s  o b ta in e d .  This  i s  summed w i th  th e  o u tp u t  o f  
S1Y to  g iv e  th e  o r d i n a t e  o f  th e  f i r s t  t r i a l  p o i n t ,  a ,  a t  th e  o u tp u t  o f  
S2Y. S ince  th e  lo c u s  l i e s  v i r t u a l l y  on th e  l i n e  PS, th e  f i r s t  p h ase
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Fig lo6 Effect of offset voltage (e_ ) generated in sample
and hold circuit S1Y0 Diagram shows trial points
(a,b,...n, n^, etc) at successive iterations*
e r r o r ,  ^  e q u a ls  /a P S . T h is  i s  s u i t a b l y  added to  0 to  g iv e  a new head ing
and a r e s u l t i n g  t r i a l  p o in t  b and so on . Thus e x t r a  i t e r a t i o n s  a r e  ta k e n
in  f in d in g  th e  f i r s t  t r u e  p o i n t  in  th e  lo c u s ,  and th e  h ead in g  a n g le  i s  
changed such as to  com pensate f o r  th e  o f f s e t  v o l t a g e  e .  „ Again th e  
system  can e n t e r  a l i m i t  c y c le  and th e  a n a l y s i s  g iven  in  C hap te r  3 can
be  a p p l ie d  to  t h i s  c a s e ,  i . e .
e„ , . = t------ (4 .9 )’3y(max) I . 0 . 2^J 1 + 3 s m  e
For th e  w o rs t  c a se  com bination  o f  o f f s e t  e r r o r s  e n and e 0 i n  th e  X and3x 3y
Y chan n e ls  r e s p e c t i v e l y ,
2 2 e 0 + e,,3y 3x s  /
\  2
= - T -  ( 4 - 1 0 )max 4
The second and su b se q u en t t r u e  p o in t s  i n  th e  lo c u s  a r e  lo c a t e d  w i th  no
more i t e r a t i o n s  th a n  in  th e  i d e a l  c a s e .  I t  i s  n o te d  t h a t  th e  e f f e c t i v e
s te p  l e n g th  Az -  Pn i s  l e s s  th a n  A s, and e q u a t io n  4 .3  a p p l i e s  w i th
AV = e_ and AV = e n . y 3y x 3x
. S ince  th e  o u tp u ts  o f  sample and h o ld  c i r c u i t s  S2X and S2Y 
always "home" in  to  th e  c o - o r d in a te s  o f  a t r u e  p o i n t  in  th e  l o c u s , i t  
fo l lo w s  t h a t  o f f s e t s  i n  SIX and S1Y w i l l  r e s u l t  i n  a d is p la c e m e n t  o f  
th e  o u tp u t  l o c u s .
( i i )  Gain e r r o r  Sn
C lose  to  th e  s t a r t i n g  p o le  th e  e r r o r  te rm  62^  a l most 
c o n s ta n t  and can be c o n s id e re d  as  a f ix e d  o f f s e t  v o l t a g e .  C o n c lu s io n s  
a r r i v e d  a t  in  ( i )  above a r e  v a l i d  in  t h i s  c a s e .
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(iii) Drift
I n i t i a l l y  S2Y and S1Y a r e  s e t  to  th e  y v a lu e  o f  th e  s t a r t i n g  
p o le  and th e  s e t - o f f  d i r e c t i o n  0 i s  o b ta in e d ,  s ee  F ig  4 . 7 .  The 
r e s u l t i n g  r e s o l v e r  o u tp u t s  a r e  summed w i th  th e  r e s p e c t i v e  o u tp u t s  o f  
S1Y and SIX to  g iv e  i d e a l l y  th e  c o - o r d in a t e s  o f  th e  p o in t  a i n  th e  lo c u s ,  
However i f  d u r in g  t h i s  com puta tion  tim e S1Y has  d r i f t e d  by an amount e^ 
th e  o u tp u t s  o f  S2Y and S2X, when u p d a ted ,  y i e l d  th e  c o - o r d in a t e s  o f  th e  
p o in t  a 1.
From a '  a phase  e r r o r  i s  m easured , added to  th e  o r i g i n a l  
s e t  o f f  d i r e c t i o n  0, to  g iv e  i d e a l l y  a new t r i a l  p o i n t  b ,  b u t  due to  
th e  f u r t h e r  d r i f t  o f  S1Y, y i e l d s  th e  p o in t  b * .  I t  fo l lo w s  t h a t  i f  th e  
phase  e r r o r  i|/  ^ due to  d r i f t  i s  g r e a t e r  th a n  th e  p e r m i t t e d  a n g u la r  e r r o r  
e , th e n  su b se q u en t t r i a l  p o in t s  w i l l  y i e l d  phase  e r r o r s  o f  app rox im ate  
v a lu e  Hence th e  system  n e v e r  r e a c h e s  th e  p o in t  where th e  phase
e r r o r  <e . S ince  ^  must be l e s s  th an  e ,  th e  w o rs t  c a se  o ccu rs  when 
th e  s e t  o f f  d i r e c t i o n  i s  0 ° .
Hence a p p ro x im a te ly  ^  = e^ < eir (4 .1 1 )
As 180
0  e A S  7T * •
i . e .  4y < ~^go—  t *ie hi™6 f ° r  one i t e r a t i o n
In  th e  i d e n t i c a l  X c h an n e l ,  th e  same argument h o ld s .  I t  
fo l lo w s  t h a t  s in c e  th e  c o n t r i b u t i o n  o f  d r i f t  i s  l e s s  th a n  e ,  no e x t r a  
i t e r a t i o n s  sho u ld  be r e q u i r e d .  D r i f t  w i l l  r e s u l t  in  a g r a d u a l ly  
i n c r e a s in g  d isp la c e m e n t  o f  th e  o u tp u t  lo c u s ,  b u t  t h i s  w i l l  alw ays be 
w i th in  a  band d e f in e d  by th e  (180 ± e ) °  l o c i .
ADrift in  S1Y
Pa a As
As
As
Fig 4 .7  E ffect o f d r if t  (e^ y) in  sample and hold c ir c u it  S1Y.
Diagram shows p osition s o f t r ia l  points (a ^ b ^ c *  e tc )
a t successive ite r a t io n s .
4 . 1 .3  E f f e c t s  o f  e r r o r s  in  th e  summing and i n v e r t i n g  a m p l i f i e r s . F ig  4 .1
O f f s e t  v o l t a g e  and g a in  e r r o r  in  th e s e  a m p l i f i e r s  can  be 
c o n s id e re d  as  e r r o r s  p r e s e n t  in  th e  r e s p e c t i v e  sample and h o ld  c i r c u i t s  
S2X and S2Y when u p d a t in g  to  th e  f i r s t  t r i a l  p o i n t .  These have been 
d e a l t  w i th  i n  s e c t i o n s  4 .1 .1  ( i )  and ( i i ) . E x t ra  i t e r a t i o n s  a r e  
ex ec u ted  in  f in d in g  th e  f i r s t  t r u e  p o in t  in  th e  l o c u s .
4 .2  E r ro r s  o c c u r r in g  in  a m p l i f i e r s  and a ^
I t  i s  n o te d  t h a t  th e s e  a m p l i f i e r s  a r e  employed o n ly  once p e r  
b ran ch  o f  th e  lo c u s .  O f f s e t  v o l t a g e  and g a in  e r r o r  o c c u r r in g  i n  s a y ,  
a m p l i f i e r  a _ r e s u l t s  in  th e  i n c o r r e c t  o r d i n a t e  v a lu e  o f  th e  s t a r t i n g
y
p o le  b e in g  s to r e d  in  S2Y. Again e x t r a  i t e r a t i o n s  a r e  ta k en  in  f in d in g  
th e  f i r s t  p o i n t  in  th e  l o c u s .  However, a t  a t r u e  p o in t  th e  o u tp u t  o f  
S2Y and S1Y w i l l  be  th e  c o r r e c t  v a lu e ,  i . e .  t h e r e  i s  no d is p la c e m e n t  
o f  th e  l o c u s .  L im it  c y c l in g  can occu r  and e q u a t io n  (3 .1 3 )  w i l l  a p p ly .
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C H A P T E R  5
DESIGN PHILOSOPHY AND DETAILS. PART 1
5 .1  P o le - z e ro  I n t e r r o g a t i o n  and M u l t ip le x in g
The in p u t  p o te n t io m e te r s  a r e  f r o n t  p a n e l  mounted t e n  tu r n  
h e l i c a l  ty p es  w i th  a c a l i b r a t i o n  d i a l .  F ig  5 .1  shows s w itc h e s  i n  
t h e i r  a p p r o p r i a t e  p o s i t i o n s  f o r  th e  s e t t i n g  up o f  an open loop t r a n s f e r  
f u n c t io n  c o n s i s t i n g  o f  a complex p o le ,  a s i n g l e  p o le  and a z e r o .  Red 
l i n e s  i n d i c a t e  th e  r e l e v a n t  s i g n a l  p a t h s .
The x and y c o - o r d in a te s  o f  th e  complex p o le  a r e  s e t  up as
v o l t a g e s  on th e  f i r s t  two p o te n t io m e te r s  Px^ and Px2 (P y^) .  Analogue
s w itc h e s  Alx and Aly a r e  used  to  s t o r e  th e  c o - o r d in a te s  o f  th e  s t a r t i n g
p o le  in  sample and h o ld  c i r c u i t s  S2X and S2Y r e s p e c t i v e l y  ( s e e  F ig  5 .2 ) ,
The B groups o f  ana logue  s w itc h e s  i n t e r r o g a t e  in  tu r n  th e  X and Y
c o - o r d in a te s  a t  s u c c e s s iv e  in p u t  l i n e s .  When Blx and Bly a r e  o p e ra te d
th e  o u tp u t  p o in t s  X^ and Y^ y i e l d  th e  c o - o r d in a t e s  o f  th e  s t a r t i n g  p o le ,
When s w itc h e s  B2x and B2y a r e  c lo s e d  th e  c o - o r d in a te s  o f  th e  c o n ju g a te
p o le  connec t to  X_ and Y . The y c o - o r d in a t e  o f  t h i s  p o le  i s  o b ta in e d  B B
a t  th e  o u tp u t  o f  a^g by th e  c lo s in g  o f  ana logue  sw itch  AB1.
The s i n g l e  p o le  has  i t s  x v a lu e  s e t  up on Sw itch
s e t s  th e  c o r re sp o n d in g  y v a lu e  to  z e r o .  These v o l t a g e s  a r e  co n n ec ted  
to  th e  o u tp u t  l i n e s  Xfi and Yfi by th e  c lo s in g  o f  ana logue  s w i tc h e s  B3x 
and B3y r e s p e c t i v e l y .  S im i la r ly  th e  s i n g l e  ze ro  has i t s  x v a lu e  s e t  
up on th e  p o te n t io m e te r  Zx^, and i t s  y v a lu e  s e t  to  ze ro  by s w i tc h  S ^ *  
These v o l t a g e s  a r e  i n t e r r o g a t e d  by s w i tc h e s  B7x and B7y r e s p e c t i v e l y .
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I t  i s  a r ra n g e d  t h a t  f o r  unused p o le s '  and z e ro e s  th e  rem a in ing  
in p u t  sw i tc h e s  o f  th e  B group connec t to  th e  r e s p e c t i v e  o u tp u t s  o f  th e  
sample and h o ld  c i r c u i t s  S2X and S2Y. When th e s e  ana logue  sw i tc h e s  
c l o s e ,  th e  a n g le  com puta tion  c y c le  i s  i n h i b i t e d .
A m p l i f ie r s  p e rfo rm in g  th e  f u n c t i o n  o f  a ^  and a^g cou ld  be 
connec ted  a t  each sw itch .  S -  -  -  -  -  s th e re b y  d is p e n s in g
w ith  th e  m u l t ip l e x in g  arrangem ent AB1 - - - - -  — AB5. T h is  was 
r e j e c t e d  b ecau se
( i )  i t  i n c r e a s e s  th e  amount o f  a m p l i f i e r  ze ro  s e t t i n g  
to  be  c a r r i e d  o u t ,
( i i )  th e  c o s t  s a v in g  i s  m a rg in a l .
O utputs  X .,  X^, Y , Y connec t to  th e  a m p l i f i e r s  shown in  A ii A a
F ig  5 . 2 .  The o u tp u t s  o f  a m p l i f i e r s  a ^  and a ^ g iv e  i n i t i a l l y  th e  
c a r t e s i a n  c o - o r d in a t e  v o l t a g e  d i f f e r e n c e s  between th e  s t a r t i n g  p o le  and 
th e  o th e r  p o le s ,  and z e r o e s .  As th e  lo c u s  i s  p l o t t e d ,  a ^  and a ^  
y i e l d  th e  c a r t e s i a n  c o - o r d in a t e  v o l t a g e  d i f f e r e n c e s  between t r i a l  p o in t s  
(o r  t r u e  p o in t s )  and th e  p o le s  and z e r o e s .
5 .2  System c o n t r o l  F ig  5 . 3 ,  5 .5 ,  5 .6
The lo g i c  d e s ig n  i s  b ased  on th e  74 s e r i e s  o f  t r a n s i s t o r -  
t r a n s i s t o r  l o g i c  e le m e n ts .  A p o s i t i v e  l o g i c  co n v en t io n  i s  used  
th ro u g h o u t  th e  d e s c r i p t i o n  t h a t  fo l lo w s  and a l l  c i r c u i t  e lem en ts  shown 
by c i r c l e s  a r e  NAND g a t e s ,  u n le s s  o th e rw is e  s t a t e d .
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5.2.1 Pole-zero interrogation control (Fig 5.3)
When th e  s t a r t  b u t to n  i s  p r e s s e d ,  lo g i c  f0 f i s  a p p l i e d  to  th e  
c l e a r  in p u t  o f  th e  b i s t a b l e  F / F l ,  th e  Q o u tp u t  o f  which becomes low.
A b i s t a b l e  i s  used  h e r e  to  avo id  d i f f i c u l t i e s  a s s o c i a t e d  w i th  sw itch  
c o n t a c t  b ounce .  The o u tp u t  o f  F /F l  i s  connec ted  to  th e  p r e s e t  in p u t  
o f  b i s t a b l e  F /F 2 ,  in p u t  A1 o f  m onostab le  MS1A, and a f t e r  d i f f e r e n t i a t i o n  
o p e ra te s  m onos tab le  MS2. T h is  l a t t e r  m o n o s ta b le ,  and a l l  o t h e r s  
employed in  th e  system  (w ith  th e  e x c e p t io n  o f  MS1A, MS1B and MS4) a r e  
o f  th e  form shown in  F ig  5 .4 ,  which shows a l s o  th e  in p u t  d i f f e r e n t i a t i n g  
c i r c u i t .  MS1A, MS1B and MS4 a r e  i n t e g r a t e d  c i r c u i t  m onos tab les  
(Type SN74121N). Though more ex p en s iv e  th e s e  g iv e  b e t t e r  waveforms 
f o r  long  d u r a t io n  p u ls e s  th a n  th e  ty p e  shown in  F ig  5 . 4 .
O utput 2 o f  MS2 i s  fed  v i a  g a te s  1 and 2 to  th e  c l e a r  l i n e  
o f  s h i f t  r e g i s t e r  SRA. SRA c o n s i s t s  o f  a f i v e  s ta g e  i n t e g r a t e d  
c i r c u i t  s h i f t  r e g i s t e r  (SN7496N) and a  D type  f l i p - f l o p  (SN7474N).
The outp 'u t o f  g a te  2 i s  connec ted  th rough  g a te s  3 and 4 and c l e a r s  th e  
e lev en  s ta g e  s h i f t  r e g i s t e r  SRB which c o n s i s t s  o f  two ty p e  SN7496N 
s h i f t  r e g i s t e r s  and D ty p e  f l i p - f l o p  SN7474N.
A f te r  SRA and SRB a r e  c l e a r e d  th e  t r a i l i n g  edge o f  t h e  p u l s e  
o f  o u tp u t  1 o f  MS2 o p e r a t e s  m onostab le  MS3, which s e t s  th e  Q o u tp u t  
o f  th e  f i r s t  s t a g e  o f  SRA to  l o g i c a l  *1*. M onostab le  MS4 i s  now
o p e ra te d  g e n e r a t in g  a p u ls e  (gn) o f  ap p ro x im a te ly  0 .1 s  d u r a t i o n .° 1
Thus A1 r i s e s  to  l o g i c a l 11 * and o p e r a t e s  sw itc h e s  Alx and Aly w hich 
i n t e r r o g a t e  th e  X and Y v o l t a g e  c o - o r d in a te s  o f  th e  f i r s t  p o le  ( s e e  
F ig  5 . 1 ) .  P u ls e  g^ a l s o  o p e ra te s  sample and h o ld  c i r c u i t s  S2X, S2Y,
SIX and S1Y which s to r e  th e  r e s p e c t i v e  v o l t a g e  c o - o r d i n a t e s .
S ub seq u en tly  m onostab le  MS5 g e n e ra te s  a 10 ps p u ls e  t h a t  s e t s  th e  Q 
o u tp u t  o f  th e  f i r s t  s ta g e  (B l) o f  SRB to  l o g i c a l  , l l . B1 o p e r a t e s  
th e  ana logue  s w itc h e s  Blx and Bly (F ig  5 .1 )
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The s i g n a l  from MS5 i s  fed  v i a  g a te  8 to  o p e ra te  m onostab le  
MS6. This  i n s e r t s  a d e la y  time d u r in g  which a m p l i f i e r s  re a c h  t h e i r  
t r u e  o u tp u t  v a lu e s  and c o r r e c t l y  o p e r a te  d i s c r i m i n a t o r  g a te  G. (F ig  5 . 2 ) .  
A f te r  t h i s  d e la y  m onos tab le  MS7 i s  t r i g g e r e d .  Depending on th e  s t a t e  
o f  th e  in p u t  l i n e  Gq , d e r i v e d  from g a t e  G, th e  o u tp u t  o f  MS7 i s  ro u te d  
e i t h e r  to  m onostab le  MS8 o r  g a te  14. For th e  sequence so f a r  
d e s c r ib e d ,  where A1 and B1 have o p e r a te d ,  Gq i s  a t  l o g i c a l  r0 f . The 
p u ls e  i s  t h e r e f o r e  d i r e c t e d  v i a  g a te s  9 , 10, 13, 14 and 15 to  advance 
s h i f t  r e g i s t e r  SRB to  i t s  second s t a g e ,  i . e .  o u tp u t  B2 i s  s e t  to  
l o g i c a l  ’ I * .  MS6 i s  a g a in  t r i g g e r e d .  S ig n a l  B2 o p e r a te s  ana logue  
s w i tc h e s  B2x and B2y. The o u tp u t  o f  a m p l i f i e r s  a ^  and a ^  a r e  now 
th e  d i f f e r e n c e  o f  th e  X and Y c o - o r d in a te s  r e s p e c t i v e l y  o f  th e  f i r s t  
and second p o le .  In  t h i s  c a se  th e  s i g n a l  Gq i s  a t  l o g i c a l  *1*.
Hence th e  o u tp u t  o f  MS7, when i t  i s  t r i g g e r e d ,  i s  ro u te d  v i a  g a te s  
9 , 10 and 11 to  o p e r a t e  m onostab le  MS8.
For unused p o le s  and z e ro e s ,  th e  co r re sp o n d in g  in p u t  
m u l t ip l e x in g  s w i tc h e s  (F ig  5 .1 )  a r e  connec ted  to  S2X o r  S2Y. When 
th e s e  s w itc h e s  a r e  o p e ra te d ,  s ig n a l  Gq i s  a t  l o g i c a l  !0 f and th e  o u tp u t  
p u ls e  from MS7 i s  r e c i r c u l a t e d  to  advance SRB. The d i s c r i m i n a t o r  g a te  
can cause  a system  m a lfu n c t io n  when doub le  p o le s  a r e  p r e s e n t  i n  th e  
t r a n s f e r  f u n c t io n  b e in g  c o n s id e r e d .  This  can be avo ided  e i t h e r  by 
a d d i t i o n a l  l o g i c  c i r c u i t r y  b e in g  employed, o r  by s e p a r a t i n g  doub le  
p o le s  by an amount g r e a t e r  th an  th e  d i s c r i m i n a t o r  g a te  t h r e s h o l d .
5 . 2 .2  Angle d e te rm in a t io n  and c o u n te r  c o n t r o l
O p e ra t io n  o f  MS8 g e n e ra te s  a p u l s e ,  V, o f  s u f f i c i e n t  d u r a t i o n  
to  app ly  th e  o u tp u ts  o f  a m p l i f i e r s  a ^  and a ^  as  i n i t i a l  c o n d i t io n s  to  
th e  in v e r s e  r e s o l v e r  (F ig  5 . 2 ) .  When t h i s  i s  com ple ted , V, t r i g g e r s
th e  D type  f l i p - f l o p  F /F 6 (F ig  5 . 5 ) ,  th e  Q o u tp u t  o f  which f a l l s  to  
l o g i c a l  *0*. This  o u tp u t  connec ts  v i a  g a te  24 to  th e  D in p u t  o f  F /F 7 ,  
th e  Q o u tp u t  o f  which r i s e s  to  l o g i c a l  , 1* on th e  a r r i v a l  o f  th e  n e x t  
c lo c k  le a d in g  edge . Hence T r i s e s  to  l o g i c a l  *1* and sw itc h e s  th e  
in v e r s e  r e s o l v e r  to  th e  compute mode. The D in p u t  o f  F /F 8 a l s o  r i s e s  
to  l o g i c a l  , l r , and th e  o u tp u t  o f  F /F 8 goes h ig h  on th e  second c lo c k  
le a d in g  edge . Clock p u l s e s  a r e  fed  to  c o u n te r s  1 and 3 v i a  g a te s  21 
o r  22 . The above sequence o f  e v en ts  i s  shown in  F ig  5 .9  and more 
f u l l y  d is c u s s e d  in  s e c t i o n  5 . 4 . 1 .
At th e  r e q u i s i t e  an g le  th e  co m p ara to r ,  connec ted  a t  th e  
o u tp u t  o f  th e  in v e r s e  r e s o l v e r ,  g e n e ra te s  a p u ls e  t h a t  i s  con n ec ted  to  
g a te  26, c l e a r s  F /F 6 , F/F7 and F /F 8 and s to p s  th e  c o u n t .  The Q o u tp u t  
o f  F /F 7 ,  in  f a l l i n g  to  l o g i c a l  *0*, o p e r a te s  m onostab le  MS9. This
g e n e ra te s  a p u l s e ,  Q1, t h a t  i s  a p p l ie d  to  g a te  14 (F ig  5 . 3 ) .  SRB i s
advanced to  i t s  t h i r d  s ta g e  and th e  p ro c e s s  c o n t in u e s .
When th e  e l e v e n th  s ta g e  o f  SRB i s  s e t  to  l o g i c a l  *1*, i t
i s  n e c e s s a ry  to  i n h i b i t  th e  p u ls e  o u tp u t  o f  MS7. O th e rw ise ,  dependen t
on th e  s t a t e  o f  G , t h i s  p u ls e  w i l l  e i t h e r  c i r c u l a t e  and advance SRB o ’
to  i t s  f i r s t  s t a g e  o r  cause  a s p u r io u s  o u tp u t  a t  V. T h is  i n h i b i t i o n  
i s  a ch iev ed  by c o n n ec t in g  Q(B11) to  g a t e  9 .
O utpu t B1 o f  SRB i s  connec ted  v i a  g a te s  16,17 and 18 to  th e  
c l e a r  in p u t  o f  b i s t a b l e  F /F 5 .  Thus when B1 i s  h ig h ,  W i s  a t  l o g i c a l  
t0 f a n d -c o u n te r s  1 and 3 count down. When B7 i s  a t  l o g i c a l  11 * th e
b i s t a b l e  i s  r e s e t ,  and th e  c o u n te r s  coun t up . T h is  a c h ie v e s  th e
c o r r e c t  c a l c u l a t i o n  o f  a n g le ,  namely EZ -  £P. With B l l  s e t  to  l o g i c a l  
’ 1*, c o u n te rs  1 and 3 r e q u i r e  r e v e r s e  o p e r a t io n  o n ly .  Q(B11) c o n n ec ts  
v i a  g a te s  17 and 18 to  c l e a r  F/F5 and s e t  W to  l o g i c a l  f0 f .
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5 . 2 .3  S u b t r a c t io n  o f  tt and phase  e r r o r  d e te rm in a t io n
When Q(B11) changes to  l o g i c a l  , l t th e  Q o u tp u t  o f  F/F9 goes 
low (F ig  5 .5 )  and c lo c k  p u ls e s  a re  fed  to  th e  t h r e e  c o u n t e r s .  The Q 
o u tp u t  o f  F/F9 removes th e  i n h i b i t  on g a te  31 (F ig  5 .6 )  and g a t e  29.
When c o u n te r  2 re a c h e s  180°, i n d i c a t e d  by i t s  f i n a l  s ta g e  r i s i n g  to
of #
lo g i c a l  *1* th e  ou tpu t/ygate  31 f a l l s  to  l o g i c a l  *0* and o p e r a te s
m onostab le  MS10. The o u tp u t  o f  MS10 i s  used to  c l e a r  c o u n te r  2 and F /F 9 .
C ounters  1 and 3 c o n ta in  th e  an g le  EZ -  EP -  tt,  w hich f o r  th e  
f i r s t  machine o p e r a t io n  i s  th e  s e t  o f f  a n g le  0 .
5 . 2 .4  T r i a l  p o i n t  g e n e r a t io n  and lo c u s  u p d a t in g '
The t r a i l i n g  edge o f  th e  p u l s e  o u tp u t  o f  MS10 (F ig  5 .6 )  o p e r a t e s ,  
v i a  l i n e  K, m onostab le  MS11 (F ig  5 . 5 ) .  The o u tp u t  p u ls e  o f  MS11 i s  o f  
s u f f i c i e n t  d u r a t i o n  to  app ly  a v o l t a g e  r e p r e s e n t in g  th e  s e a r c h  v e c t o r  
m agnitude As to  th e  r e s o l v e r  c i r c u i t  ( l i n e  U ) . At th e  same tim e  c o u n te r  
2 i s  p a r a l l e l  load ed  from c o u n te r  1 . B i s t a b l e  F/F10 i s  t r i g g e r e d ,  th e  D 
in p u t  o f  F/F7 r i s e s  to  l o g i c a l  *1*, and th e  r e s o l v e r  i s  s e t  to  th e  
compute mode ( l i n e  T) on th e  f i r s t  c lo c k  l e a d in g  edge . V ia g a t e  20, and 
i t s  su ccee d in g  c i r c u i t s ,  c o u n te r s  1 and 3 a r e  o p e r a t e d .  'When th e  o u tp u t  
N, o f  th e  ze ro  c r o s s in g  p o in t  d e t e c t o r ,  f a l l s  to  l o g i c a l  *0T F/F10 i s  
r e s e t  and s to p s  th e  c o u n t .  At t h i s  tim e th e  r e s o l v e r  i s  s e t  to  a 'hold*, 
mode,
The s ig n a l  a t  N a l s o  o p e r a te s  m onos tab le  MS12. O utpu t 1 
i s  used to  o p e r a t e  sample and ho ld  c i r c u i t s  S2X and S2Y (s e e  F ig  5 .2 )  th e  
o u tp u ts  o f  which y i e l d  th e  c o - o r d in a te s  o f  a t r i a T  p o i n t .  O u tpu t 2 
o f  MS12 lo a d s  c o u n te r  1 to  th e  v a lu e  o f  c o u n te r  2 .  I t  i s  n o te d  t h a t  
c o u n te r  2 has  been  used h e re  p u re ly  as a tem porary  s t o r e .
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The t r a i l i n g  edge o f  th e  o u tp u t  p u ls e  o f  MS12 t r i g g e r s  m onostab le  
MS13 x^hich g e n e ra te s  a p u ls e  Q^. This  p u l s e  i s  fed  to  g a te  34 th u s  s e t t i n g  
c o u n te r  3 to  z e r o .  Qr  i s  a l s o  fed  to  g a te  14 (F ig  5 .3 )  th e  o u tp u t  o f  which 
advances SRB to  i t s  f i r s t  s ta g e  and commences th e  second i t e r a t i o n .
When th e  p h ase  e r r o r  re c o rd e d  in  c o u n te r  3 i s  l e s s  th a n  a 
s p e c i f i e d  v a lu e  £ ,  o u tp u t  E i s  a t  l o g i c a l  * 1 *. Thus x^hen m onos tab le  MS11 
o p e r a t e s ,  a p u ls e  g^ i s  g e n e ra te d  t h a t  u p d a te s  SIX and S1Y (F ig  5 .2 )  to  th e  
v o l t a g e  c o - o r d in a te s  o f  th e  t r u e  p o in t  c o n ta in e d  i n  S2X and S2Y r e s p e c t i v e l y .  
T his  u p d a t in g  ta k e s  p la c e  d u r in g  th e  tim e t h a t  As i s  b e in g  a p p l i e d  as an 
i n i t i a l  c o n d i t io n  to  th e  r e s o l v e r  c i r c u i t .  The f a c t  t h a t  E may be a t  
lo g i c a l  ’ l 1 when th e  s e t  o f f  d i r e c t i o n  has  been  de te rm ined  i s  o f  no 
consequence . SIX and S1Y which c o n ta in  th e  c o - o r d in a te s  o f  th e  s t a r t i n g  
p o le ,  a r e  U pdated*  to  th e se  same v a l u e s .
5 .2 .5  Sx^itching to  o th e r  s t a r t i n g  p o le s  F ig  5 .3
As s t a t e d  e a r l i e r  th e  o u tp u t  o f  F /F l  connec ts  to  A1 o f  MS1A and 
s e t s  th e  Q o u tp u t  o f  F/F2 to  l o g i c a l  f l f . MS1A g e n e ra te s  a 1 .5  second p u l s e ,  
a f t e r  x*/hich tim e MS1B o p e r a te s  to  g iv e  a 50ms p u l s e .  The o u tp u t  o f  MS1B 
co n n ec ts  to  th e  in p u t s  o f  g a te s  3, 5 and 6 . This r e s u l t s  i n  SRA b e in g  
advanced to  i t s  second s t a g e  and th e  i n i t i a t i o n  o f  th e  p l o t t i n g  o f  th e  
lo c u s  a s s o c i a t e d  w i th  a second p o l e .  The o u tp u t  o f  MS1B co n n ec ts  v i a  g a t e  
20 to  r e - o p e r a t e  MS1A and th u s  SRA i s  advanced ap p ro x im a te ly  e v e ry  second  to  
a su ccee d in g  s t a g e .  With SRA connec ted  as  a c i r c u l a t i n g  r e g i s t e r ,  t h e  
system  w i l l  s u c c e s s iv e ly  and c o n t in o u s ly  p l o t  a l l  b ran ch es  o f  a l o c u s .
When th e  s to p  b u t to n  i s  p r e s s e d ,  th e  A2 in p u t  o f  MS1A i s  i n h i b i t e d  and 
SRA and SRB a r e  c l e a r e d  down.
5 . 2 .6  C ounter 1 ze ro  c r o s s in g  p o in t  d e t e c t o r
The arrangem ent i s  shoxm i n '  F ig  5 . 7 .  When th e  c o u n t e r , i s
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a t  ze ro  th e  o u tp u t s  o f  a l l  th e  in p u t  NOR g a te s  a r e  a t  l o g i c a l  *1*. The 
o u tp u t  o f  g a te s  7 and 8 a r e  t h e r e f o r e  *0 ' and g a te  9 o u tp u t  i s  h ig h .  
P rov ided  H and S t .  P a r e  a t  l o g i c a l  ' I 1 th e  o u tp u t  N i s  low. S t .  P i s  
a p p l ie d  to  e n s u re  t h a t ,  a t  th e  s t a r t  o f  a b ran ch  o f  a lo c u s ,  when a l l  
c o u n te rs  a r e  c l e a r e d  down, N does n o t  f a l l  to  ze ro  and o p e r a t e  MS12. 
S h o r t ly  a f t e r  th e  a p p l i c a t i o n  o f  S t .  P , f l i p - f l o p  F/F10 i s  c l e a r e d  and 
M f a l l s  to  ze ro  h o ld in g  N h ig h .
5 .2 .7  Phase e r r o r  com parison c i r c u i t
The lo g i c  d iagram  i s  shown in  F ig  5 . 8 .  Logic ne tw orks  1 
and 4 a r e  o p e ra te d  by th e  fo u r  l e a s t  s i g n i f i c a n t  d i g i t s  o f  c o u n te r  3 . 
These netw orks a r e  d e s ig n ed  f o r  th e  minimum v a lu e  o f  phase  e r r o r  e 
s p e c i f i e d  by th e  o v e r a l l  system  perform ance (se e  C hap te r  8) .  F o r a 
n e t  n e g a t iv e  a n g le  g r e a t e r  th a n  - e ,  th e  o u tp u ts  o f  netw ork  1 and g a te  2 
a r e  a t  l o g i c a l  *0* and th e  o u tp u t  o f  g a t e  3 i s  h ig h .  This  r e s u l t s  i n  E 
b e in g  a t  l o g i c a l  f l f . For a p o s i t i v e  an g le  l e s s  th a n  +e, th e  o u tp u t s  
o f  g a te s  4 , 5 , 6 ,7  and 8 a r e  h ig h .  The o u tp u t s  o f  g a te s  9 and 10 a t e  
low, r e s u l t i n g  in  th e  o u tp u t  o f  g a t e  11 b e in g  a t  l o g i c a l  ’ I * .  Again 
E I s  h ig h .  At th e  d e s ig n  s ta g e  on ly  quad two in p u t  NOR g a te s  w ere 
a v a i l a b l e  in  th e  74 TTL s e r i e s ,  t h i s  a c c o u n tin g  f o r  th e  s t r u c t u r a l  
d i f f e r e n c e s  in  F ig  5 . 8 .
5 .3  Timing c o n s id e r a t io n s
M onostab les  MS2 and MS3 a r e  n o t  c r i t i c a l  i n  t h e i r  t im in g  s in c e  
th ey  a r e  used  on ly  once p e r  machine o p e r a t io n  and c o n t r i b u t e  l i t t l e  to  
th e  t o t a l  com puta tion  t im e .  MS5 i s  employed once p e r  b ranch  o f  a 
lo c u s  and a g a in  l i t t l e  tim e i s  saved by re d u c in g  i t s  p u ls e  d u r a t i o n .  The 
p u l s e  w id th  o f  MS4 i s  d i c t a t e d  by th e  perfo rm ance  re q u ire m e n ts  o f  th e  
sample and h o ld  c i r c u i t s  SIX, S2X, S1Y and S2Y, and in  p a r t i c u l a r  by
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c a p a c i t o r  d i e l e c t r i c  a b s o r p t io n  e f f e c t s .  As w i l l  be  seen  l a t e r  th e se  
f a c t o r s  s e t  a l i m i t  o f  ap p ro x im a te ly  0 . 1s p u ls e  d u r a t i o n .
S ince  m onostab les  MS6 , MS7 and MS8 a r e  employed f o r  eve ry  an g le  
d e t e r m in a t io n ,  t h e i r  p u ls e  d u r a t i o n s  c o n t r i b u t e  s i g n i f i c a n t l y  to  th e  
t o t a l  com pu ta tion  t im e .  The o u tp u t  o f  MS6 must be o f  s u f f i c i e n t  
d u r a t i o n  to  a l low  f o r  th e  w o rs t  s lew ing  r a t e  o f  any a m p l i f i e r  employed 
in  th e  d e r i v a t i o n  o f  s i g n a l  Gq , p lu s  p ro p a g a t io n  d e la y s  i n  any o f  th e  
a s s o c i a t e d  c i r c u i t s .  A v a lu e  o f  35 ps was dec id ed  upon; t h i s  w i l l  be
d is c u s s e d  in  C hap te r  6 , S ince  th e  o u tp u t  o f  MS7 can be r e c i r c u l a t e d
then  i t  i s  im p e ra t iv e  t h a t  MS6 i s  n o t  o p e ra te d  e a r l y  in  i t s  r e c o v e ry  
p e r io d .  Thus MS7 i s  a l s o  s e t  to  g ive  a 35 ps p u l s e .  The p u l s e  
w id th  o f  MS8 i s  d i c t a t e d  by th e  d es ig n  o f  th e  in v e r s e  r e s o l v e r ,  and 
f o r  th e  c i r c u i t  used  a v a lu e  o f  0.5ms i s  s p e c i f i e d .
M onostable  MS8 co u ld  be r e p la c e d  by an i n v e r t e r  i f  th e  o u tp u t
o f  MS7 were employed to  g e n r a te  th e  s ig n a l  V. However th e  p u l s e
d u r a t i o n  o f  MS7 would th e n  have to  be 0 .5m s. This would r e s u l t  i n  
i n c r e a s in g  th e  t o t a l  com puta tion  tim e ,  compared w ith  t h a t  ta k e n  by th e  
a rrangem ent a d o p te d .  This d i f f e r e n c e  becomes p a r t i c u l a r l y  a p p a re n t  
when s im ple  t r a n s f e r  f u n c t i o n s ,  c o n ta in in g  few p o le s  and z e r o e s ,  a r e  
c o n s id e r e d .
M onostab le  MS9 i s  employed f o r  ev e ry  a n g le  com pu ta tion  and 
hence i t s  p u ls e  d u r a t io n  i s  made s h o r t  (1 p s ) .  The p u ls e  w id th s  o f  
MS10 and MS13 a r e  k e p t  s m a l l ,  t h e s e  b e in g  g e n e ra te d  once p e r  i t e r a t i o n .  
The t im in g  p e r io d  o f  MS11 i s  dec ided  by th e  req u ire m en ts  o f  th e  i n v e r s e  
r e s o l v e r  and sample and h o ld  c i r c u i t s  SIX and S1Y. The a c q u i s i t i o n  tim e  
o f  sample and ho ld  c i r c u i t s  S2X and S2Y d e te rm in e  th e  p u ls e  d u r a t i o n  o f  
MS12 •
\  . . . .
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5 .4  E r r o r s  o c c u r r in g  in  c o u n te r s  and a s s o c i a t e d  c i r c u i t s
5 .4 .1  Angle d e te rm in a t io n  e r r o r
/ E r r o r s  o c c u r r in g  in  each  a n g le  d e te rm in a t io n  phase  o f  an
i t e r a t i o n  a r e  a d d i t i v e  in  c o u n te r s  1 and 3 . These e r r o r s  r e s u l t  from
d e lay s  o c c u r r in g  in  ( i )  th e  ' l o g i c  e lem en ts  employed, ( i i )  th e  ana logue  
s w i tc h  and a s s o c i a t e d  d r iv e  c i r c u i t  connec ted  to  p o in t  T (F ig  5 .5 )  and 
( i i i )  th e  com para to r  c i r c u i t .  In  a d d i t i o n  when th e  count i s  s to p p e d ,  
th e  o u tp u t  o f  g a te  21 (o r  22) i s  r a i s e d  to  th e  h ig h  s t a t e .  I f  t h i s  
o u tp u t  had p r e v io u s ly  been a t  l o g i c a l  *0 *, one e x t r a  d i g i t  i s  c o u n te d .
To m in im ise  th e  e r r o r s  r e s u l t i n g  from th e  above e f f e c t s  th e  
a rrangem ent o f  b i s t a b l e s  F /F 6 , F/F7 and F /F 8 was employed. F ig  5 .9  
shows th e  waveforms a t  r e l e v a n t  p o in t s  in  th e  c i r c u i t .  I t  i s  seen  
t h a t  c lo c k  p u ls e s  to  c o u n te r s  1 and 3 a r e  de lay ed  f o r  one p e r io d  a f t e r  
th e  nominal s t a r t  o f  th e  compute mode. The tim e i n t e r v a l  0 to  t ^  
r e p r e s e n t s
( i )  th e  d e la y  in  F/F7
( i i )  th e  d e la y  in  th e  ana logue  sw i tc h  and a s s o c i a t e d  d r iv e
c i r c u i t  connec ted  to  T.
t^  i s  th e  s t a r t  o f  th e  even t t im e  to  be m easured . At a l a t e r  
tim e t ^ ,  th e  o u tp u t  o f  th e  in v e r s e  r e s o l v e r  s ig n a l s  th e  c e s s a t i o n  o f  
c o u n t .  A f te r  a tim e ( t ^  + 6) co u n t in g  s t o p s ,  where t ^  r e p r e s e n t s  th e  
d e la y  i n  th e  com para to r  and lo g i c  e lem en ts  26, 27 and F /F 8 and 6 i s  th e  
d e la y  in  g a te  21 (o r  2 2 ) .  E x p re ss in g  tim e in  u n i t s  o f  c lo c k  p e r io d  t ,
True even t tim e T =
Count tim e = + t^  + 6 “ (0 .5  + 6)
Number o f  coun ts  N = T + t^  + t ^  -  0 .5
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N i s  an i n t e g e r  and i s  ta k en  as th e  n e a r e s t  whole number.
This a u to m a t i c a l ly  in c lu d e s  th e  e f f e c t  o f  th e  e x t r a  d i g i t  t h a t  can be 
counted  \?hen th e  count s t o p s .  F ig  5 .1 0  shows th e  range  o f  e v e n t  tim e 
r e p r e s e n te d  by a c o n s ta n t  v a lu e  N f o r  d i f f e r e n t  v a lu e s  o f  d e la y  tim e 
( t 1 + t 3) .
Suppose t^  + **3 = T an(* s;*-x p o le s  and fo u r  z e ro e s  o f
th e  machine a r e  in  u s e .  The range  o f  e r r o r  between the  t o t a l  coun t 
and th e  t o t a l  ev en t  tim e in  th e  com puta tion  ZZ -  zP i s  +6 x to  -4 x  '•
I f  t^  + t^  = 0 . 5  x ,  th e  range  o f  e r r o r  i s  ±5 t .  For th e  range  
0 ^  ( t^  + t ^ X 1^  th e  maximum e r r o r  in  th e  com pu ta tion  i s  w i th i n  the  
l i m i t s  +6 x to  - 6 x f o r  any in s t ru m e n t  p roduced .
From c h a p te r  7, th e  maximum d e lay s  i n  th e  com para to r  and ana logue
sw i tc h in g  c i r c u i t s ,  a r e  200 ns and 155 ns r e s p e c t i v e l y .  The t o t a l  d e la y
tim e in  lo g i c  e lem en ts  26, 27 and F /F 8 h as  a maximum v a lu e  o f  84 n s .
Hence = 284 n s . ' I n c lu d in g  th e  d e la y  in  F /F 7 , the  maximum
v a lu e  o f  t ,  i s  185 n s ,  r e s u l t i n g  in  ( t -  + t~ )  = 470 n s . For a c lo c k1 1 3  max •
freq u en cy  o f  2048kHz (x = 500 n s)  th e  maximum e r r o r  betw een th e  coun t and 
th e  t o t a l  even t  tim e i s  l e s s  th a n  ±6x (±3jis).when a l l  p o le s  and z e ro e s  
a r e  used  in  a co m p u ta tio n .
The number o f  d i g i t s  r e q u i r e d  to  c y c le  a n - s t a g e  c o u n te r  once
o n 11( t h i s  r e p r e s e n t in g  360 ) i s  2 . At a c lo c k  f req u en cy  o f  2 kHz, th e  t im e
ta k en  f o r  t h i s  i s  2n / 2 ^ m s .  The f requency  o f  th e  s i n e / c o s i n e  loop
11 ncom pris ing  th e  in v e r s e  r e s o l v e r  i s  t h e r e f o r e  2 /2  kHz. One c lo c k  d i g i t ,  
r e p r e s e n t in g  a tim e t , c o rre sp o n d s  to  an a n g le  o f  360 /2n d e g re e s .  I f  n
i s  l a r g e ,  th e  in v e r s e  r e s o l v e r  f requency  i s  low, r e s u l t i n g  i n  a long  
com puta tion  t im e .  However, one d i g i t  r e p r e s e n t s  a  sm all  an g le  and th e  
t o t a l  e r r o r  in  th e  com puta tion  ZZ -  ZP i s  s m a l l .  On th e  o th e r  hand i f
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F ig  5«10 Ranges o f  v a lu e  o f  e v e n t  t im e  (T) r e p r e s e n t e d  by 
a  c o n s ta n t  coun t N, f o r  d i f f e r e n t  v a lu e s  o f  
t o t a l  d e la y  tim e  ( t ^  + t ^ ) .
- 95 -
n i s  low, th e  com puta tion  time i s  s h o r t e r  b u t  th e  com puta tion  e r r o r  i s  
l a r g e .  I t  was dec id ed  to  make n = 12, t h i s  b e in g  p a r t l y  p r e ju d ic e d  by 
th e  a v a i l a b i l i t y  o f  f u l l y  connec ted  r e v e r s i b l e  fo u r  s ta g e  c o u n te r s  i n  a 
s i n g l e  i n t e g r a t e d  c i r c u i t  package . The r e s u l t i n g  maximum com puta tion  
a n g u la r  e r r o r ,  k ,  i s  t h e r e f o r e  ± 0 .54° .
5 .4 .2  D e te rm in a t io n  o f  p e rm i t t e d  phase  e r r o r  a
In  C hap ter  3 i t  was shown t h a t  i n  a system  hav in g  o f f s e t
v o l t a g e s  in  th e  X and Y ch an n e ls  e x t r a  i t e r a t i o n s  would be ta k e n  in
f in d in g  th e  f i r s t  t r u e  p o in t  in  th e  l o c u s . These i t e r a t i o n s  c o n t in u e
u n t i l  th e  phase  e r r o r  a t  a t r i a l  p o in t  i s  l e s s  th a n  o r  eq u a l to  a
p e r m i t t e d  v a lu e  e .  This  s i t u a t i o n  i s  shown i n  F ig  5 .1 1 ,  where P i s
th e  s t a r t i n g  p o le  and th e  s e a rc h  v e c t o r  As i s  a t  a head in g  a n g le  0
from P . Due to  an o f f s e t  v o l t a g e  e , i n  th e  Y c h a n n e l ,  th e  t r i a loy
p o in t  i s  a t  n .  In  th e  diagram  th e  an g le  ±e c e n t r e d  on 0 r e p r e s e n t s  
th e  p e r m i t t e d  phase  e r r o r  a p e r t u r e  d e te rm ined  by lo g i c  netw orks 1 and 4 
o f  th e  phase ' com parison c i r c u i t  (F ig  5 . 8 ) .  I n  F ig  (5 .11 )  th e  a n g le  
e has been  g r e a t l y  e x a g g e ra te d  to  c l a r i f y  th e  e x p la n a t io n  and a n a l y s i s  
t h a t  f o l lo w s .
I f  th e  p hase  e r r o r  an g le  a t  n i s  s l i g h t l y  g r e a t e r  th a n  e ,  
a new i t e r a t i o n  commences. The head ing  o f  As i s  changed by an amount 
o f  £ to  g iv e  a new t r i a l  p o in t  w i th in  th e  a p e r t u r e  an g le  ±e . This  
t r i a l  p o i n t ,  hav ing  a phase  e r r o r  l e s s  th a n  £ , would be ta k e n  as a t r u e  
p o i n t  in  th e  lo c u s ,
A s s ta te d  in  s e c t i o n  5 . 4 . 1 ,  th e  maximum e r r o r  in  th e  a n g le  
com puta tion  ZZ -  ZP i s  ±k. C onsider  t h a t  when c a r r y in g  o u t  th e  a n g le  
com puta tion  a t  n ,  th e  m easured phase  e r r o r  i s  n o t  / e  b u t  / e  + k . The
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ps+ k
FQ -'As
Q
Fig 5.11 Diagram shovving a  t r i a l  p o in t  n  a t  th e  l i m i t  o f  t h e  
phase  e r r o r  a p e r t u r e  ~ s .  Due t o  c o u n te r  e r r o r - k  
t h e  p hase  e r r o r  i s  (s + k) and  th e  new t r i a l  p o i n t  
i s  a t  n ' .
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head ing  o f  As i s  changed by an an g le  (e  + k) to  g iv e  a new t r i a l  p o i n t  n '
(see  F ig  5 .1 1 )  a t  a head ing  an g le  (6  -  6) .  At n* th e  phase  e r r o r  i s
ag a in  m easured . This  an g le  com puta tion  cou ld  now be in  e r r o r  by / - k  
i n d i c a t i n g  t h a t  n ’ i s  n o t  w i th in  th e  s p e c i f i e d  phase  e r r o r  a p e r t u r e .  
F u r th e r  i t e r a t i o n s  a r e  ex ecu ted  u n t i l  th e  phase  e r r o r  an g le  a t  a t r i a l  
p o in t  i s  l e s s  th a n  e .  I f  th e  p o in t  n 1 i s  a t  a h ead in g  an g le  (0  -  e ) ,
th e n  a l i m i t  c y c le  o c c u r s ,  th e  l i m i t  p o in t s  b e in g  n and n 1.
To en su re  t h a t  e x t r a  i t e r a t i o n s  do n o t  o ccu r  /e  -  6 must be 
g r e a t e r  than  ^ k .  To s im p l i f y  th e  a n a l y s i s  t h a t  f o l lo w s ,  i t  i s  assumed 
t h a t  a n g le s  e, 6 and k a r e  s m a l l .  This  i s  r e a s o n a b le  i n  th e  p r e s e n t  
a p p l i c a t i o n .
In  F ig  5 .1 1 ,  c o n s id e r in g  S as a ta n g e n t  to  th e  c i r c l e  a t  th e
p o in t  Q,
t a n ( e  + k) = e + k = — - .  (5 .1 )
As
The l i n e  n n ’ (which i s  p a r a l l e l  to  S) p roduced ,  w i l l  meet PQ 
a t  r i g h t  a n g le s .  nR i s  c o n s t r u c te d  p e r p e n d ic u la r  to  Pn*.
/PnT = t t / 2  -  (0 -  0 -  e)
/PnR = t t /2  -  (e + 6)
T h e re fo re  /R n n * = (0 -  6 + 6 ) — (0  -  0 ) .
Hence Rn = Scos(0  - 0 )
and t a n ( e  + 6) = z  +5 = ~  (5 .2 )
F u r th e r  p u t t i n g  0 + e =  0 we o b ta in
Ascos(0 -  0) = Pn + e s in 0  (5 .3 )oy
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Using th e  c o s in e  r u l e ,  we o b ta in
Pn = As
2(e  cos9) e s i n 0
oy  — oy
. 2  AsAs
(5.4)
For th e  c o n d i t io n  (e -  <5) > k ,  we o b ta in  from th e  above e q u a t io n s :
e > k 2  \A  -  E 2 c o s 2  0 -  E s in 0
E cos 0 -  2Esin0
( 5 .5 )
where E = e /A s.oy
This e x p re s s io n  i s  o f  im portance  in  t h a t  i t  forms a l i n k  e q u a t io n  
between th e  ana logue  and d i g i t a l  e r r o r s  o c c u r r in g  in  th e  sy s tem . From 
e q u a t io n  (5 .5 )  th e  d e s ig n  cu rves  shown i n  F ig  5 .1 2  a r e  o b ta in e d ,  th e  h a l f  
a p e r t u r e  v a lu e s  o f  e a r e  shown in  deg rees  f o r  k = 0 .5 4 ° .  F o r equa l 
o f f s e t  v o l t a g e s  i n  th e  X and Y c h a n n e ls ,  E i s  r e p la c e d  by \/2E and 0 by 
(0 ~ tt/4) in  e q u a t io n  (5 .5 )  and F ig  5 .1 2 .
The r e s u l t s  g iv en  i n  F ig  5 .12  sh o u ld  be used as  a g u id e  o n ly
s in c e  th ey  have been d e r iv e d  from w o rs t  c a se  c o n d i t io n s  t h a t  a r e  u n l i k e l y
to  o ccu r  in  p r a c t i c e .  The b a s i c  assum ption  has  been  t h a t  th e  c o u n te r  
e r r o r  a l t e r n a t e s  by i t s  maximum p o s i t i v e  and n e g a t iv e  v a lu e s  (±k) on* p
a l t e r n a t e  i t e r a t i o n s .  When m easuring  th e  p hase  e r r o r  a t  n ' ,  th e  a n g le s  
to  th e  p o le s  and z e ro e s  ( o th e r  th a n  th e  s t a r t i n g  p o le )  have b a r e l y  changed 
from th e  v a lu e  m easured a t  n .  Hence we would e x p e c t  th e  c o u n te r  e r r o r  
to  have a v a lu e  n e a r l y  equa l to  +lc a g a in  r a t h e r  th a n  th e  w o rs t  c a se  v a lu e  
c o n s id e re d  e a r l i e r  o f  - k .  A f a c t o r  o f  0 .5  a p p l ie d  to  th e  v a lu e  o f  e i s  
c o n s id e re d  r e a s o n a b le ,  g iv in g  th e  v a lu e s  shown i n  b r a c k e t s  i n  F ig  5 .1 2 .
F u r th e r  p o in t s  to  n o te  a r e :
( i )  F ig  5 .12  a p p l i e s  when a l l  s i x  p o le s  and z e ro e s  o f  th e  in s t ru m e n t
a r e  employed. The s i t u a t i o n  e a s e s  when l e s s  a r e  u se d .
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e / k
( f o r  k  = 
0 , 5 4 )
. 5 o 4  
( 2 , 7 )
2 , 7
( 1 . 3 5 )
1 . 0 8
’ ( 0 . 5 4 )
E = 0
20
0  ( d e g r e e s )
F i g  5 . 1 2  G r a p h  s h o w i n g  p h a s e  e r r o r  a p e r t u r e  s ,  f o r  d i f f e r e n t
v a l u e s  o f  f r a c t i o n a l  o f f s e t  v o l t a g e  E  ( = e o ^ / A s ) ,  a s
a  f u n c t i o n  o f  0 .
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(££■) At s u c c e s s iv e  p o in t s  i n  th e  lo c u s ,  moving away from th e
s t a r t i n g  p o le ,  th e  e f f e c t s  d e s c r ib e d  become in c r e a s i n g l y  
l e s s  im portan t*
( i i i )  The a n g u la r  acc u racy  o f  th e  in s t ru m e n t  i s  ± (e  + k )°*
5 . 4 ,3  R e so lv e r  e r r o r s
A f te r  i n s e r t i n g  th e  i n i t i a l  c o n d i t io n  As i n  th e  r e s o l v e r  c i r c u i t  
b i s t a b l e s  F/F10 i s  o p e r a t e d .  Again t h e r e  i s  a tim e d e la y  t ^  (F ig  5 .9 )  
b e fo r e  th e  compute mode commences. When c o u n te r  1 re a c h e s  z e r o ,  
d e t e c te d  by th e  s ig n a l  on l i n e  N (F ig  5 .7 )  f a l l i n g  to  l o g i c a l  *0*, th e
r e s o l v e r  i s  sw i tch ed  to  ^ o l d * .  The maximum t o t a l  d e lay  tim e t ^ ,  due to
a l l  e lem en ts  employed in  g e n e r a t in g  N, p lu s  M512 and F/F7 i s  135 n s .
The d e la y  tim e t<. in c u r r e d  in  tu r n in g  OFF th e  r e s o l v e r  ana logue  
s w itc h e s  i s  240 ns ( s e e  C hap ter  7 ) .  From F ig  5 . 9 ,  i t  i s  o b se rv ed  t h a t  
b e fo r e  th e  s t a r t  o f  th e  f i r s t  f u l l  c lo c k  p e r io d ,  th e  r e s o l v e r  i s  i n  
o p e r a t io n  f o r  a tim e (0 .5T  -  t ^ ) . The t o t a l  " o v e r - ru n 11 t im e f o r  th e  
r e s o l v e r  i s  t h e r e f o r e  (0 .5T  -  t ^  + t ,^ + t ^ )  • The maximum v a lu e  t h i s
can have i s  625 n s ,  assuming t ^  = 0 .  This  r e p r e s e n t s  an e r r o r  i n
s e a rc h  v e c t o r  head ing  o f  l e s s  th a n  0 . 12° which i s  n e g l i g i b l e .
5 .5  The c lo c k  g e n e r a to r
F ig  5 .1 3  g iv e s  th e  c i r c u i t  d iagram  o f  th e  c lo c k  g e n e r a to r
10 11employed. The d e s ig n  i s  based  on th e  Bowes 9 e m i t t e r  coup led  
m u l t i v i b r a t o r .  To e n su re  good f req u en cy  s t a b i l i t y  i t  i s  a r ra n g e d  
t h a t
T r a n s i s t o r  T^ does n o t  s a t u r a t e .
The v o l t a g e  swing a t  th e  c o l l e c t o r  o f  T^ i s  made as
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( i )
( i i )
si.
CLOCK
Ov
15v
- 10v
F i g  5 * 1 3  C l o c k  g e n e r a t o r  c i r c u i t  d ia g r a m *
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l a r g e  as  p o s s i b l e  c o n s i s t e n t  w i th  ( i )  above, th u s  
re d u c in g  e f f e c t s  o f  b a s e - e m i t t e r  v o l t a g e  (VBE) changes
°f V
( i i i )  The c o l l e c t o r  c u r r e n t s  o f  Tg and T^ a r e  c o n s t a n t ,
thus  n o t  a l t e r i n g  th e  b ase  c u r r e n t  o f  T^. This  i s
a ch iev ed  by means o f  z en e r  d iode  and th e  d iode  .
The v o l t a g e  drop a c ro s s  te n d s  to  t r a c k  w i th  th e
o f  t r a n s i s t o r s  T„ and T. as  th e  te m p e ra tu reBE J h
v a r i e s .  A ze n e r  d iode  hav ing  a breakdown v o l t a g e  
V o f  5.6V i s  employed, s in c e  th e  te m p e ra tu re  
dependency o f  i s  a minimum a t  t h i s  v a lu e .
The r e s u l t i n g  f req u en cy  s t a b i l i t y  o f  th e  c i r c u i t  i s  t y p i c a l l y  
±0.1% f o r  a ±10°C change in  te m p e ra tu re .
Given a nom inal c lo c k  f re q u e n c y ,  f ,  a t  room te m p e ra tu re ,  th e n
a t  a d i f f e r e n t  te m p e ra tu re  th e  f requency  w i l l  be f ( l . ±  6) .  Thus i n  th e
an g le  com puta tion  (EZ — UP) a l l  a n g le s  w i l l  be in  e r r o r  by t h e  f a c t o r  
(1 ± 6 ) .  No e r r o r  o c c u rs  in  th e  s u b t r a c t i o n  o f  7r s in c e  t h i s  i s  c a r r i e d  
o u t  d i g i t a l l y .  The b a s i c  a lg o r i th m  i s  now: *
EZ (1 ± 6 ) -  EP(1 ± 6) -  it = 0
i . e .  EZ ~ E P ---------2—  = 0 '
1 ± 6
For sm all  6 , EZ -  EP -  t t (1 + 5) = 0
The system  th e r e f o r e  p l o t s  th e  180(1 + 6 ) °  l o c u s .  F or th e  
f req u en cy  s t a b i l i t y  quo ted  above, th e  p l o t t e d  lo c u s  i s  w i t h i n  t h e  band 
o f  ±0 .18°  c e n t r e d  on th e  180° lo c u s .
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Diodes and e n su re  p r o t e c t i o n  a g a i n s t  b ase  e m i t t e r  
r e v e r s e  v o l t a g e  breakdown in  t r a n s i s t o r s  and The r e s i s t e r  R2
a c t in g  as a p o t e n t i a l  d i v i d e r  w i th  removes th e  n e c e s s i t y  o f  th e  
a d d i t i o n a l  su p p ly  v o l t a g e  r a i l  c u s to m a r i ly  employed f o r  T ^ . The 
f req u en cy  i s  g iven  by th e  e x p re s s io n  f  = 1/4CR w here , C = and
R i s  th e  p a r a l l e l  com bina tion  o f  R^ and To en su re  t h a t  t h i s
f req u en cy  te n d s  to  t r a c k  w ith  th e  i n v e r s e  r e s o l v e r / r e s o l v e r  f re q u e n c y ,  
s i m i l a r  ty p e s  o f  components a r e  employed in  th e  t im in g  s e c t i o n s  o f  
each c i r c u i t  ( s e e  7 . 2 . 2 ( i ) ) .  R^ and R^ a r e  m e ta l  f i lm  r e s i s t o r s  and 
i s  a p o ly s ty r e n e  c a p a c i t o r .  The a i r  spaced  trim m er c a p a c i t o r  C^, 
hav ing  a maximum v a lu e  o f  30pF, a d j u s t s  th e  c lo ck  g e n e r a to r  f re q u e n c y .  
The o u tp u t  o f  i s  s u i t a b l y  l e v e l  changed in  t r a n s i s t o r s  T,. and T^ 
to  g iv e  an o u tp u t  v o l t a g e  co m p a tib le  w i th  th e  74 s e r i e s  o f  TTL e le m e n ts .
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C H  A ?  T E  R 6
DESIGN PHILOSOPHY AND DETAILS. PART 2
This  c h a p te r  and th e  one t h a t  f o l lo w s ,  d e a l  w i th  th e  d e s ig n  o f  
th e  ana logue  s e c t i o n s  o f  th e  system . S in ce  th e  in s t ru m e n t  i s  in te n d e d  
f o r  l a b o r a t o r y  u s e ,  an am bient te m p e ra tu re  range  o f  o p e r a t io n  from 10° C. 
to  30° C i s  c o n s id e re d  s u i t a b l e .  Throughout th e s e  two c h a p te r s  r e s u l t s  
quoted  w i l l  be maximum w o rs t  c a se  v a lu e s  i n  t h i s  te m p e ra tu re  r a n g e .
These a r e  fo l lo w e d ,  in  b r a c k e t s ,  by t y p i c a l  v a lu e s  in  th e  td m p e ra tu re  
ra n g e .  A m p l i f ie r  z e ro  a d ju s tm e n t  i s  assumed to  be c a r r i e d  o u t  a t  20° C.
The re q u ire m e n ts  o f  o p e r a t i o n a l  a m p l i f i e r s  employed i n  a n a lo g u e  
computers a r e  w e l l  k n o w n a n d  an optimum perfo rm ance  cou ld  be 
ach iev ed  by u s in g  th e  b e s t  (and most ex p en s iv e )  a m p l i f i e r s  a v a i l a b l e  a t  
the  d e s ig n  s t a g e .  The a u t h o r ’ s o b j e c t i v e  was to  show th e  f e a s i b i l i t y  
o f ,  and to  p ro d u ce ,  a r e l a t i v e l y  in e x p e n s iv e  i n s t r u m e n t . '
6 .1  S p e c i f i c a t i o n  o f  t o t a l  p e r m is s ib le  e r r o r
I f  th e  maximum v a lu e  o f  any in p u t  p o le  o r  ze ro  i s  3.0V, and th e  
C.R.O. has a tube  f a c e  d ia m e te r  o f  fo u r  in c h e s ,  th en  th e  y a x i s  s e n s i t i v i t y  
i s  1 .5  v o l t s  p e r  in c h .  For a s p o t  d e n s i t y  o f  10 lo c u s  p o in t s  p e r  in c h ,  
th e  v a lu e  o f  As i s  150mV. Choosing a phase  e r r o r  a p e r t u r e  o f  ± 1 .1 5 ° ,  
th e  p e r m i s s i b le  v a lu e  o f  E from F ig  5 .11  i s  0 . 3 .  From F ig  3 .11  i t  i s
seen  t h a t  n o t  more th a n  fo u r  i t e r a t i o n s  a r e  r e q u i r e d  a t  th e  f i r s t  
t r i a l  p o i n t .  For th e  s p e c i f i e d  v a lu e  o f  E, th e  maximum q u a d ra tu r e  sum 
o f  e q u iv a le n t  o f f s e t  v o l t a g e s  in  th e  X and Y c h an n e ls  i s  50mV. In  th e  
d e s ig n  t h a t  f o l lo w s ,  t h i s  f i g u r e  i s  ta k e n  as th e  maximum a l lo w a b le  
w o rs t  c a se  v a lu e  o v e r  th e  te m p e ra tu re  and supp ly  v o l t a g e  r a n g e .
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6 .2  Choice o f  in p u t  p o te n t io m e te r s ,  ana logue  sw i tc h e s  and a m p l i f i e r s  
The f a c t o r s  in f lu e n c in g  th e  v a lu e  o f  p o te n t io m e te r s  a r e :
( i )  A m p l i f ie r  b i a s  c u r r e n t s  1^, f lo w in g  in  th e  in p u t
p o te n t io m e te r s ,  o f  r e s i s t a n c e  R, r e s u l t  i n  o f f s e t  
v o l t a g e s  b e in g  p roduced . In  F ig  5 .1  and 5 .2 ,  t h e r e  
i s  n e v e r  more th an  one in p u t  a m p l i f i e r  connec ted
to  a p o te n t io m e te r  a t  any one t im e .  B a lan c in g  
o f  th e s e  a m p l i f i e r s  ( ax l » ax 2 » ay l  ay 2 , ay ? ) a t  
a p o te n t io m e te r  s e t t i n g  o f  a p p ro x im a te ly  0 .15R, 
y i e l d s  a maximum o f f s e t  v o l t a g e  o f  i I ^ R /8  o v e r.D
th e  range  o f  th e  p o te n t io m e te r .
( i i )  C lose  m a tch ing  o f  th e  e l e c t r i c a l  and m echan ica l 
s e t t i n g s  o f  th e  p o te n t io m e te r s  i s  ach iev ed  i f  t h e i r  
r e s i s t a n c e  i s  much l e s s  th a n  th e  in p u t  r e s i s t a n c e  
o f  th e  in p u t  a m p l i f i e r .
( i i i )  P o te n t io m e te r  v a lu e s  shou ld  n o t  be so low as  to  
impose power su p p ly  d i f f i c u l t i e s .
For th e  pu rp o se  o f  t h i s  f e a s i b i l i t y  s tu d y  p o te n t io m e te r  
l i n e a r i t i e s  o f  1% w ere c o n s id e re d  s u i t a b l e ,  k eep in g  i n  mind t h a t  th e  
system  o u tp u t  i s  d i s p la y e d  on a s ta n d a rd  l a b o r a to r y  ca th o d e  r a y  
o s c i l l o s c o p e .
B ip o la r  t r a n s i s t o r s  can be used  as  s e r i e s  ana logue  s w i tc h e s  
1A,15 ,16 , ku t  have an in h e r e n t  o f f s e t  v o l t a g e .  F u r t h e r ,  th e  b a s e
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d r iv in g  c u r r e n t  o f  any ON t r a n s i s t o r  flows in t o  th e  connec ted  
p o te n t io m e te r  and p roduces  an e r r o r  v o l t a g e .  This l a t t e r  e f f e c t  can 
be e l im in a te d  by t r a n s fo rm e r  c o u p lin g  th e  b ase  sw i tc h in g  d r i v e .  The 
i s o l a t i o n  betw een th e  g a te  d r iv e  and s i g n a l  c i r c u i t s  p ro v id e d  by th e
f i e l d  e f f e c t  t r a n s i s t o r , -  and i t s  la c k  o f  o f f s e t  v o l t a g e  make i t  h ig h ly
. . . 17 . '
s u i t a b l e  in  t h i s  a p p l i c a t i o n ,  • P r a c t i c a l l y  any ty p e  o f  j u n c t i o n  FET
(o r  MOSFET) can be u sed ,  p ro v id ed  th e  ON r e s i s t a n c e  i s  r e a s o n a b ly  low 
and le ak ag e  c u r r e n t  i s  s m a l l .
From a c o s t  p o i n t  o f  v iew , i t  would be a t t r a c t i v e  to  use  the  
709C ty p e  o f  o p e r a t i o n a l  a m p l i f i e r  as e x t e n s i v e ly  as p o s s i b l e ,  as i t  i s  
c u r r e n t l y  one o f  th e  c h e a p e s t  a v a i l a b l e .  This  ch o ice  o f  a m p l i f i e r  and a 
v a lu e  o f  1000ft f o r  th e  p o te n t io m e te r s  can be j u s t i f i e d  by th e  d i s c u s s io n  
g iven  below ( 4 . 6 . 1 ) .  The maximum p o te n t io m e te r  v o l t a g e  i s  3V, t h i s  v a lu e  
b e in g  de te rm ined  by th e  maximum v o l t a g e  t h a t  can be a p p l ie d  to  l a t e r  
p a r t s  o f  th e  system , i n  p a r t i c u l a r  th e  in v e r s e  r e s o l v e r  d i s c u s s e d  i n  
C hap ter  7 . The d i s s i p a t i o n  in  each p o te n t io m e te r  i s  9 mW, t h i s  b e in g  
w e l l  w i th in  th e  m a n u fa c tu r e r ’s maximum f i g u r e .
6 .2 .1  C o n s id e ra t io n  o f  in p u t  a m p l i f i e r s  a_ ^, ay \ 9 ay 2 * ay 7
The c i r c u i t  d iagram  f o r  th e s e  v o l t a g e  fo l lo w e rs  i s  shown i n  
F ig  6 .1 ' . .  A m p l i f ie r  in p u t  b i a s  c u r r e n t ,  h av in g  a v a lu e  o f  1.8;iA (0.32^iA) 
a t  10° C, r e s u l t s  in  a maximum v o l t a g e  v a r i a t i o n  o f  ±225;uV (±40^iV) o v e r  
th e  range  o f  any in p u t  p o te n t io m e te r .  L i n e a r i s i n g  the  in p u t  o f f s e t  
c u r r e n t  d r i f t  to  5nA/°C (0.7nA/°C) r e s u l t s  in  maximum v o l t a g e  d r i f t  ( a t  
t h e  mid p o in t  o f  th e  p o te n t io m e te r )  o f  ±12.5 ;liV (± 1.75/iV) o v e r  th e  
te m p e ra tu re  ra n g e .
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F ig  6 .1  V o ltage  fo l lo w e r  c i r c u i t  d iag ram .
100pF
1000a
A / W -  
o—  — AAAA-
1000a
INPUT o-
^  OUTPUT
F ig  6 . 2  I n v e r t i n g  (o r  summation) a m p l i f i e r  c i r c u i t  d iag ram .
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The f i e l d  e f f e c t  t r a n s i s t o r s  employed (2N4860) have an ON 
r e s i s t a n c e  r ^s (on) “ 40ft. change in  a m p l i f i e r  in p u t  o f f s e t . c u r r e n t
due to  d r i f t ,  f lo w in g  in  r ^ g 
th e  te m p e ra tu re  e x t re m e s .
The maximum in p u t  v o l t a g e  d r i f t  o f  th e  709C a m p l i f i e r  i s  r a t h e r
h ig h ,  b e in g  ap p ro x im a te ly  30 jiV/°C. T h is  f i g u r e  i s  n o t  quo ted  in  d a t a
s h e e t s  and has been o b ta in e d  by p r i v a t e  co rre sp o n d e n c e .  The o u tp u t  
v o l t a g e  d r i f t  o f  each v o l t a g e  fo l lo w e r  i s  ±0.3raV (±0.1mV) o v e r  th e  
te m p e ra tu re  ra n g e .
The su p p ly  v o l t a g e  r e j e c t i o n  r a t i o ,  f o r  th e  709C a m p l i f i e r ,  i s  
200 jiV/V (25 /iV/V) . For supp ly  v o l t a g e s  o f  ±15V ±1%, t h i s  can r e s u l t  
i n  a maximum o f f s e t  v o l t a g e  a t  th e  o u tp u t  o f  each a m p l i f i e r  o f  ±60/iV .
(± 7 .5  ^iV) .
To summarise, th e  t o t a l  o u tp u t  o f f s e t  v o l t a g e  due to  a l l  
causes  i s  l e s s  th a n  ±600^iV (±.160 ^V) f o r  a m p l i f i e r s  a ^ ,  ay^> ax 2
ay2 ^  V * .
The in p u t  r e s i s t a n c e  o f  a v o l t a g e  fo l lo w e r  i s  a p p ro x im a te ly
equal to  i t s  common mode r e s i s t a n c e  R . The v a lu e  o f  t h i s  i s  n o tcm
g iven  in  d a t a  s h e e t s  f o r  th e  709C a m p l i f i e r .  From d i s c u s s io n  w i th  
F a i r c h i l d  a p p l i c a t i o n s  e n g in e e rs  i t  i s  e s t im a te d  to  have a v a lu e  o f  
s e v e r a l  megohms. I n  o r d e r  t h a t  t h e  inpu t: a m p l i f i e r s  do n o t  
o v e r lo a d  when a l l  t h e i r  in p u t  ana logue  sw itc h e s  a r e  open, a 2M0 
r e s i s t o r  i s  co nnec ted  between t h e i r  in p u t s  and ground . This  r e s u l t s  
in  n e g l i g i b l e  p o te n t io m e te r  lo a d in g .
The open loop v o l t a g e  g a in  o f  th e  709C a m p l i f i e r  d e c re a s e s  
by ap p ro x im a te ly  0.2%/°C. Applying t h i s  to  th e  d a ta  s h e e t  minimum
(on) p roduces  an o f f s e t  v o l t a g e  o f  ±2juV a t
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v a lu e  o f  15 ,000 (45000) a t  70° C, and t a k in g  in to  acco u n t th e  lo a d  (lkf2) 
o f  th e  n e x t  s t a g e ,  th e  minimum open loop g a in  i s  a p p ro x im a te ly  14 ,700  
(42p00) f o r  a m p l i f i e r s  ay^> anc  ^ ay 7 * common mode r e j e c t i o n
r a t i o  i s  65dB (90dB) f o r  th e  te m p e ra tu re  range  0°C to  70°C. T his  shows 
s l i g h t  v a r i a t i o n  w ith  te m p e ra tu re .  A m p l i f ie r  g a in  e r r o r  i s  t h e r e f o r e  
l e s s  th a n  0.12% (0 .01% ). There i s  a s l i g h t  improvement i n  th e s e  
f i g u r e s  f o r  a m p l i f i e r s  a ^  and ay 2 > s ^nce  i n  th e  s te a d y  s t a t e  t h e i r  
o u tp u t  lo a d  i s  v e ry  h ig h .
6 .2 .2  Analogue sw i tc h  c o n s id e r a t io n s
The f i e l d  e f f e c t  t r a n s i s t o r s  employed have a maximum ON 
r e s i s t a n c e  o f  400, and a maximum c u t  o f f  c u r r e n t  o f  0.25nA a t  25°C.
The v o l t a g e  drop a c ro s s  any FET i n  th e  ON s t a t e  i s  n e g l i g i b l e ,  s i n c e
th e  i n p u t  r e s i s t a n c e  o f  th e  fo l lo w in g  a m p l i f i e r s  i s  v e ry  h ig h .  When
any one FET o f  a g roup , say  Blx to  BlOx (F ig  5 .1 )  i s  sw itch ed  o n ,  th e
le ak ag e  c u r r e n t s  o f  a l l  th e  OFF FETs o f  th e  group flow  in  th e  ON FET
and th e  a s s o c i a t e d  i n p u t  p o te n t io m e te r .  In  th e  w o rs t  c a s e ,  th e  t o t a l  
le ak ag e  c u r r e n t  i s  9 x 0 .25  = 2.25nA. A llow ing f o r  th e  te m p e ra tu re  
dependency o f  t h i s  c u r r e n t  th e  e r r o r  v o l t a g e  produced  i s  so s m a l l ,  
compared to  e r r o r s  d is c u s s e d  e a r l i e r ,  t h a t  i t  can be ig n o re d .
T r a n s ie n t  e f f e c t s  due to  g a t e - d r a i n  c a p a c i t a n c e s  a r e  n e g l i g i b l e ,  
th e s e  p ro d u c in g  s h o r t  d u r a t io n  p u l s e s .  Fo r any FET tu rn in g  ON th e  
c a p a c i t a n c e  charges  v i a  ’- ^ ( o n )  anc  ^ t *ie e f f e c t i v e  p o te n t io m e te r  s o u rc e  
r e s i s t a n c e .  For a t r a n s i s t o r  tu rn in g  OFF, th e  c a p a c i t a n c e  d i s c h a r g e s  
v i a  th e  n e x t  t r a n s i s t o r  tu r n in g  ON.
The d r iv e  c i r c u i t  used  f o r  th e  FETs i s  shown in  F ig  6 .3 .  I t  
i s  o f  a c o n v e n t io n a l  form as d e s c r ib e d  in  most a p p l i c a t i o n  r e p o r t s  and
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(2)
■ Z T X 5 0 2
1S 920
a  ( 3 )15v
( 2 )
CIRCUIT SYMBOL
( 1)
i
F i g  6 * 3  F i e l d  e f f e c t  t r a n s i s t o r  g a t e  d r i v e  c i r c u i i 0
-  I l l  -
t e x t s  F a s t  sw i tc h in g  speeds a r e  n o t  e s s e n t i a l  s in c e  th e
s h o r t e s t  a c q u i s i t i o n  tim e o f  any analogue  sw i tc h  i s  35jis d e te rm in e d  by th e  
p u ls e  d u r a t i o n  o f  m onostab le  MS6 (F ig  5 . 3 ) .
A common d r iv e  c i r c u i t  i s  employed f o r  p a i r s  o f  sw itc h e s  
o p e ra te d  by l o g i c  s ig n a l s  B1 to  BIO, and A1 to  A6. For s w i tc h e s  AB1,
AB2 and AB3 two in p u t  d r iv e  c i r c u i t s  a r e  r e q u i r e d ,  as  shown by th e  d o t t e d  
c o n n e c t io n  in  F ig  6 .2 .  Sw itches  AB4 and AB5 use th e  same d r i v e  c i r c u i t  
as B8x(B8y) and BlOx(BlOy) r e s p e c t i v e l y .
6 .2 .3  F u r th e r  a m p l i f i e r s  employed in  th e  X and Y channe ls  (F ig  6 .2 )
A m p l i f ie r s  a ^ ,  ax 4 , a ^ ,  ax6> ay3> ay4> ay5> ayf. and ay8 a r e  
s ig n  i n v e r t i n g  o r  summation a m p l i f i e r s .  These a r e  r e q u i r e d  to  p ro d u ce  
e i t h e r  th e  c a r t e s i a n  c o - o r d in a t e  v o l t a g e  d i f f e r e n c e s  f o r  th e  in v e r s e  
r e s o l v e r ,  o r  to  upd a te  th e  sample and h o ld  c i r c u i t s  S2X and S2Y. T ab le
4 .1  shows th e  t o t a l  o f f s e t  v o l t a g e  and g a in  e r r o r  i n  th e s e  a m p l i f i e r s .
In  th e  g a in  e r r o r  column th e  l a r g e r  v a lu e s  app ly  when th e  in p u t  and 
feedback  r e s i s t o r s  a r e  matched to  w i th in  0.1%, th e  l a r g e r  r e s i s t o r  b e in g  
in  th e  feedback  p a t h .  High s t a b i l i t y  m e ta l  f i lm  r e s i s t o r s  hav in g  
maximum te m p e ra tu re  c o e f f i c i e n t s  o f  50ppm/°C a r e  employed f o r  t h e  in p u t  
and feedback  e le m e n t s . The d i f f e r e n t i a l  te m p e ra tu re  c o e f f i c i e n t  f o r  a 
p a i r  o f  r e s i s t o r s  i s  e s t im a te d  to  be 20ppm/°C.
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A m p li f ie r T o ta l  d r i f t  p lu s  o f f s e t Gain e r r o r
ax V  ax 2 *
ay l ’ ay2* ay7
± 600*iV (± 160^ iV) ± 0 *12% (± 0 . 01%)
ax3» ay 3 ’ 
ax6* ay6* ay8
± 710jiV (± 214pV) 0.015% (-0.005%) 
+0 . 12%
ax4» ay4 ± l.OlmV (± 0.314mV) *0.027% (-0.009%) 
+0 . 12%
a _ , a - x5 y5 ± l.OlmV (± 0.314mV) -  0.023% ( -  0.0075%)
+0 . 12%
T able  4 .1  T o ta l  d r i f t  p lu s  o f f s e t  v o l t a g e  and g a in  e r r o r  i n  t h e  a m p l i f i e r s  
l i s t e d  employing th e  709C ty p e  o p e r a t i o n a l  a m p l i f i e r .
From T able  4 .1 ,  th e  maximum t o t a l  o f f s e t  v o l t a g e  i n  th e  X 
c h a n n e l ,  due to  a m p l i f i e r s  a ^ ,  a ^  and a  ^ i s  +2.32mV (±0.7mV). The 
same v a lu e  a p p l i e s  in  th e  Y channe l ex ce p t  f o r  th e  case  o f  complex 
p o le s  o r  ze ro e s  where due to  a m p l i f i e r s  a y. and a^g , th e  t o t a l  o f f s e t  
v o l t a g e  i s  ±3.63mV (± l . lm V ) .  These f i g u r e s  a r e  sm all  compared to  
th e  maximum in p u t  v o l t a g e  (3V) and r e s u l t  in  n e g l i g i b l e  lo cu s  d i s p la c e m e n t .
The maximum g a in  e r r o r  in  th e  X channe l i s  +0.36%. In  th e  Y 
ch a n n e l ,  f o r  complex p o le s  o r  z e r o e s ,  th e  maximum t o t a l  g a in  e r r o r  
in c lu d in g  a ^ and a^g i s  +0.6%. R e p re se n t in g  th e s e  e r r o r s  by e q u i v a l e n t  
o f f s e t  v o l t a g e s ,  i n  term s o f  th e  maximum in p u t  v o l t a g e ,  we o b t a i n  +10.8mV 
and +18mV f o r  th e  X and Y chan n e ls  r e s p e c t i v e l y .  T o ta l  g a in  e r r o r  can  
be reduced  by i n s e r t i n g  p o te n t io m e te r s  P ^  and P g a t  the  in p u t s  o f
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amplifiers a^ and a  ^respectively (see Fig 4.2 and section 8.1).
From e q u a t io n  3*. 18$ th e  maximum a n g u la r  e r r o r  68 due to  a m p l i f i e r s  
a ^  and a ^ i s  ap p ro x im a te ly  + 0 .0 3 4 ° .  The maximum a n g u la r  e r r o r  a t  any 
p o in t  i n  th e  lo c u s  i s  e s t im a te d  to  be 360 = 0 . 1 ° .  In  s e t t i n g  i n i t i a l  
c o n d i t io n s  in  th e  in v e r s e  r e s o l v e r  f u r t h e r  g a in  e r r o r  i s  in t r o d u c e d .
This  i s  d i s c u s s e d  in  C hap ter  7.
6 .3  E f f e c t  o f  a m p l i f i e r  s lew in g  r a t e s
The t y p i c a l  s lew ing  r a t e  v a lu e  f o r  th e  709C o p e r a t i o n a l  
a m p l i f i e r  i s  Q.25V//JS, u s in g  th e  s ta n d a rd  la g  com pensa tion  c i r c u i t .
With t h i s  com pensation  th e  t y p i c a l  n o is e  v o l t a g e ,  f o r  a v o l t a g e
fo l lo w e r  a m p l i f i e r  hav ing  a so u rc e  r e s i s t a n c e  o f  1KQ, i s  a p p ro x im a te ly
20 . . . .O.OlmV rms . A minimum v a lu e  o f  s lew in g  r a t e  i s  n o t  quo ted  and i s
e s t im a te d  to  be O . lV /p s .  The com pensa tion  c i r c u i t  component v a lu e s  • 
were a l t e r e d  to  g iv e  an e s t im a te d  minimum s lew ing  r a t e  o f  0 .3 V /jis^ n o ise  
in c r e a s in g  to  a v a lu e  o f  ap p ro x im a te ly  0.03mV rms. For th e  s ig n  
in v e r t i n g  and summation a m p l i f i e r s  t h i s  v a lu e  o f  o u tp u t  n o i s e  i s  doub led  
and t r e b l e d  r e s p e c t i v e l y .  Compared to  th e  e r r o r  v o l t a g e s  p roduced  by 
a m p l i f i e r  o f f s e t  v o l t a g e  d r i f t ,  n o is e  and i t s  v a r i a t i o n  w i th  te m p e ra tu r e  
can be ig n o re d .
I t  was s t a t e d  in  s e c t i o n  5 .3  t h a t  th e  p e r io d  o f  m o n o s tab le  MS6
i s  de te rm ined  by th e  w o rs t  s lew ing  r a t e  o f  any a m p l i f i e r  employed in
g e n e ra t in g  th e  l o g i c  s ig n a l  G , The maximum v o l t a g e  to  be  h a n d le d  by
o
th e s e  a m p l i f i e r s  o cc u rs  when any o f  th e  in p u t  sw itch es  a r e  co n n ec ted  
to  th e  o u tp u ts  o f  sample and h o ld  c i r c u i t s  S2X and S2Y. This  v o l t a g e  
(7.5V) i s  d e te rm in ed  by th e  dynamic range  o f  th e  in v e r s e  r e s o l v e r .
(See C hap te r  7 ) .  This  y i e l d s  a  maximum s e t t l i n g  tim e o f  25 } i s . The
p u ls e  w id th  o f  m onostab le  MS6 i s  s e t  to  35 / i s , p ro v id in g  ample a l low ance  
f o r  d e la y s  in  g a te  G, and f o r  th e  app rox im ate  n a t u r e  o f  th e  e s t im a te d  
v a lu e s  g iv en  above.
6 .4  Sample and h o ld  c i r c u i t s ,  S2X, S2Y
The sample and h o ld  c i r c u i t s ,  S2X and S2Y a r e  r e q u i r e d  to
r e t a i n  t h e i r  in fo rm a t io n  f o r  one e x c u r s io n  o f  s h i f t  r e g i s t e r  SRB from B1
to  B l l .  For a l o g i c a l  *1* in  any s t a g e  o f  th e  s h i f t  r e g i s t e r  w here an 
in p u t  p o le  o r  ze ro  i s  b e in g  i n t e r r o g a t e d ,  i t  i s  n e c e s s a ry
( i )  to  s e t  i n i t i a l  c o n d i t io n s  i n  th e  in v e r s e  r e s o l v e r ,
t h i s  ta k in g  a tim e o f  0 .5m s.
( i i )  to  a l lo w  th e  in v e r s e  r e s o l v e r  to  o p e r a t e  and th e  r e q u i r e d
an g le  to  be  computed. For th e  s i n e / c o s i n e  loop p e r io d  
chosen th e  ’com pute1 tim e can  be  a maximum o f  2ms.
The maximum tim e s p e n t  in  th e  e l e v e n th  s t a g e  o f  SRB b e f o r e  
u p d a t in g  to  a new t r i a l  p o in t  i s  5ms. Hence th e  maximum t o t a l  e x c u r s io n  
tim e o f  SRB i s  30ms. when a l l  p o le s  and z e ro e s  o f  th e  in s t ru m e n t  a r e  u s e d .
F ig  6 .4  shows th e  b a s i c  c i r c u i t  o f  th e  sample and h o ld  c i r c u i t s
employed. They a r e  o f  a s im p le  type  employing a s i n g l e  FET and a
r e l a t i v e l y  in e x p e n s iv e  FET d i f f e r e n t i a l  a m p l i f i e r  (Analogue D evices  40K) .
Up to  a p o i n t ,  d r i f t  due to  le ak ag e  c u r r e n t s  and o f f s e t s  due to  th e  g a t e
d r iv in g  waveform can be reduced  by in c r e a s in g  the  v a lu e  o f  th e  s t o r a g e
c a p a c i t o r  C . For a g iv en  sam pling tim e t h i s  imposes h ig h e r  c u r r e n t  S t
re q u ire m e n ts  from th e  p re c e d in g  a m p l i f i e r  and f o r  th e  FET s w i tc h .  The 
form er can be ach iev ed  r e a d i l y  anough, i f  r e q u i r e d ,  by th e  i n c l u s i o n  o f  
d i s c r e t e  component C la ss  B a m p l i f i e r s  in  th e  o u tp u t  o f  th e  d r iv i n g  
a m p l i f i e r s  ay2*
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F i g  6 . 4  B a s i c  c i r c u i t  d i a g r a m  o f  s a m p l e  a n d  h o l d  c i r c u i t s  S 2 X  a n d  S 2 Y .
F i g  6 . 5  C i r c u i t  d i a g r a m  o f  S 2 X  a n d  S 2 Y ,  s h o w i n g  C l a s s '  B o u t p u t  s t a g e
a n d  a d d i t i o n a l  c o m p o n e n t s  T  a n d  R .8  CL
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I f  MOSTs a r e  employed in  th e  c i r c u i t  o f  F ig  6 .4 ,  t h e i r  g e n e r a l ly
h ig h e r  d r a in  le ak ag e  c u r r e n t s  worsen th e  perfo rm ance  in  th e  h o ld  c o n d i t i o n .
21
The use  o f  two MOSTs m  a b o o ts t r a p p in g  arrangem ent i n  p la c e  o f  each JFET
reduces  le a k a g e  c u r r e n t  by a t  l e a s t  one o r d e r  o f  m agn itude .
An a l t e r n a t i v e  to  th e  ty p e  o f  sample and h o ld  c i r c u i t  used  i s
22th e  t r a c k / s t o r e  u n i t  u s u a l ly  found in  h y b r id  com puters . T h is  r e q u i r e s
p r e c i s i o n  in p u t  and feedback  r e s i s t o r s ,  and g iv e s  a p o l a r i t y  i n v e r s i o n .
For s h o r t  a c q u i s i t i o n  t im e s ,  th e  t r a c l c / s t o r e  u n i t  imposes h ig h  c u r r e n t
c a p a b i l i t y  re q u ire m e n ts  in  bo th  i t s  own and i t s  p re c e d in g  a m p l i f i e r s .
23 24 25
More s o p h i s t i c a t e d  v e r s io n s  employing two a m p l i f i e r s  * * remove t h i s
re q u ire m e n t  o f  th e  p re c e d in g  a m p l i f i e r .
For th e  a m p l i f i e r  employed in  each o f  th e  sample and h o ld
c i r c u i t s  S2X and S2Y, th e  maximum o f f s e t  v o l t a g e  d r i f t  i s  ±20 /iV/°C and
th e  maximum in p u t  c u r r e n t  i s  ~20pA a t  25°C. The JFETs a r e  2N4860fs
hav ing  a minimum v a lu e  o f  I DSS o f  20mA, maximum d r a i n  le a k a g e  c u r r e n t  o f
250pA(c50pA) a t  25°C, = 8pF, r ,  , N = 4 0  0.r  9 GD ■ * ds(on)max
At 30°C, th e  maximum c u r r e n t  i n  th e  s to r a g e  c a p a c i t o r ,  CQ_ i nST,
th e  h o ld  mode, i s  0.75nA(0.15nA) s i n c e ; t h e r e  a r e  two FET s w i tc h e s  a t  th e  
in p u t  o f  S2X and S2Y. F or a v a lu e  o f  = 0 .1  pF , t h i s  c u r r e n t  r e s u l t s  
i n  a maximum v o l t a g e  d r i f t  o f  112 jiV(22 jiV) in  a tim e o f  15ms. T h is  
tim e i s  th e  maximum t h a t  can e l a p s e  in  computing th e  a n g le  from th e  f i r s t  
t r i a l  p o i n t  to  th e  s t a r t i n g  p o le .  When a t r u e  p o in t  in  th e  lo c u s  has  
been found , a f u r t h e r  15ms w i l l  have e la p se d  b e f o r e  u p d a t in g  th e  sample 
and h o ld  c i r c u i t s  SIX and S1Y, r e s u l t i n g  in  a f u r t h e r  e r r o r  o f  112jiV.
The most s u i t a b l e  d i e l e c t r i c  m a t e r i a l s  f o r  c a p a c i t o r s  employed
16 26 27i n  ana logue  com puters a r e  T eflon  (PTFE) and P o ly s ty r e n e  * * . T e f lo n
c a p a c i t o r s  have th e  h ig h e s t  working te m p e ra tu re  ran g e  to  be  found i n  
p l a s t i c  c a p a c i t o r s ,  b u t  a r e  very  e x p e n s iv e .  They have s i m i l a r  e l e c t r i c a l  
c h a r a c t e r i s t i c s  to  p o ly s ty r e n e ,  i . e .  v e ry  h ig h  i n s u l a t i o n  r e s i s t a n c e  and
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v e ry  low d i s s i p a t i o n  f a c t o r .  S ince  h ig h  te m p e ra tu re  o p e r a t io n  i s  n o t  
c a l l e d  f o r  in  t h i s  a p p l i c a t i o n ,  p o ly s ty r e n e  c a p a c i t o r s  a r e  employed.
When c o n s id e r in g  d r i f t s  in  sample and h o ld  c i r c u i t s  th e
e f f e c t s  o f  c a p a c i t o r  d i e l e c t r i c  a b s o rp t io n  m ust be ta k en  i n t o  a c c o u n t .
28 29From an approx im ate  model developed  by Dow * th e  lo w es t  v a lu e  o f
p o l a r i s a t i o n  tim e c o n s ta n t  f o r  p o ly s ty r e n e  h as  a v a lu e  o f  40ms w i th  an
-4e f f e c t i v e  c a p a c i t a n c e  o f  1 .2  x 10 x  C
The l a r g e s t  v o l t a g e  change a p p l i e d  to  th e  s to r a g e  c a p a c i t o r  
o ccu rs  when s w i tc h in g  to  a  new s t a r t i n g  p o le ,  hav ing  j u s t  com pleted  a 
p re v io u s  b ran ch  o f  th e  lo c u s .  This v o l t a g e  change can be a p p ro x im a te ly  
10V. Thus i n  th e  f i r s t  i t e r a t i o n  tim e (30ms) th e  c a p a c i t o r  v o l t a g e  
w i l l  change by ap p ro x im a te ly  630 jSV due to  d i e l e c t r i c  a b s o r p t i o n .  
A lthough th e  e f f e c t  i s  n o t  to o  s e r io u s  f o r  S2X and S2Y, i t  was d e c id e d  
t h a t  f o r  sample and h o ld  c i r c u i t s  SIX and S1Y t h i s  shou ld  be r e d u c e d .  
Hence th e  sam pling  tim e when r e g i s t e r i n g  a s t a r t i n g  p o le  i s  s e t  to  0 .1 s  
(MS4 in  F ig  5 .3 )  e n s u r in g  t h a t  has charged  to  92% o f  th e  in p u t
v o l t a g e .  The seco n d ary  tim e c o n s ta n t ,  g iv en  by Dow as 0 .5 8 s ,  has  an
. -4e q u iv a le n t  c a p a c i t a n c e  o f  1 .93  x 10 x CgT For a  10V v o l t a g e  change ,
th e  c a p a c i t o r  v o l t a g e  w i l l  have changed on ly  by ap p ro x im a te ly  120 due
to  b o th  tim e c o n s ta n t s  a f t e r  th e  f i r s t  i t e r a t i o n .
C o n s id e r in g  n e x t  e r r o r s  due to  o f f s e t  v o l t a g e ,  we n o te  t h a t  i f  
th e  a m p l i f i e r  i s  b a la n c e d  a t  20°C, th e  maximum o f f s e t  v o l t a g e  p roduced  
o v e r  th e  te m p e ra tu re  range  i s  ± 200 jaV (± 150 p V ) . Supply v o l t a g e  
v a r i a t i o n s  (± 1%) c o n t r i b u t e  an o u tp u t  o f f s e t  v o l t a g e  o f  ± 150 /iV 
(± 100 ^ V ) . O f f s e t  v o l t a g e  as  a f u n c t io n  o f  tim e i s  ±1.15mV (± 0.25mV) 
p e r  month9
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A f u r t h e r  so u rc e  o f  o f f s e t  v o l t a g e  e r r o r  i s  c a p a c i t i v e  c o u p l in g  
v i a  C , o f  th e  g a te  s i g n a l  to  th e  s to r a g e  c a p a c i t o r  which o c c u r s  whenuU
th e  FET i s  tu r n in g  o f f .  For the  FET q u o te d ,  th e  maximum v a lu e  o f  C i sGD
8pF (V g _ - l O v ) . With an e f f e c t i v e  mean g a t e  d r iv e  o f  15v, and a l lo w in g  
2pF f o r  s t r a y s  t h i s  y i e l d s  an o f f s e t  v o l t a g e  o f  a p p ro x im a te ly  -1.5mV.
This can be reduced  c o n s id e ra b ly  by c o n n e c t in g  an a n t ip h a s e  d r i v e  v i a  a 
com pensating  c a p a c i t o r ,  to  th e  s to r a g e  c a p a c i t o r .  This  was n o t  
in c o rp o r a te d  so as n o t  to  in c r e a s e  th e  number o f  " a d ju s t  on t e s t "  
p ro ced u re s  to  be c a r r i e d  o u t  on th e  in s t r u m e n t .
During th e  i n i t i a l  c o n d i t io n  and compute modes o f  th e  i n v e r s e  
r e s o l v e r ,  th e  o u tp u ts  o f  a m p l i f i e r s  a ^  and a^g a r e  v a r y in g .  C o n s id e r in g  
th e  X c h a n n e l ,  t h i s  v a r i a t i o n  w i l l  a l t e r  th e  ch a rg e  on CgT v i a  th e  d r a i n  
so u rce  c a p a c i t a n c e ,  o f  t r a n s i s t o r  T^. For th e  case  when a l l  p o le s
and z e ro e s  o f  th e  in s t ru m e n t  a r e  be ing  used  t h e r e  a r e  tw enty  a p p l i c a t i o n s  
o f  charge  to  CQrp, in  each i t e r a t i o n .  To av o id  th e  r e s u l t i n gOl
d isp la c e m e n ts  o f  the  t r i a l  p o in t  t h a t  o ccu r  d u r in g  i t e r a t i o n s  th e
a d d i t i o n a l  t r a n s i s t o r  T and r e s i s t o r  R a r e  employed (se e  F ig  6 . 5 ) .a a
In  th e  h o ld  mode o f  th e  sample and h o ld  c i r c u i t ,  th e  d r a in  so u rc e
c a p a c i t a n c e  o f  T and th e  r e s i s t o r  R a c t  as a s h o r t  tim e c o n s t a n t  1 a  a
d i f f e r e n t i a t i n g  ne tw ork , thus  p r e v e n t in g  b u i l d  up o f  ch arge  on
The minimum v a lu e s  o f  g a in  and common mode r e j e c t i o n  r a t i o  f o r  
th e  40K a m p l i f i e r  a r e  5 x 10^ (2 x 10^) and 66dB (74dB) r e s p e c t i v e l y .  
Connected as a v o l t a g e  f o l lo w e r ,  th e  maximum t o t a l  g a in  e r r o r  o f  t h i s  
a m p l i f i e r  i s  ±0.1%(±0.04%). With the  maximum v a lu e  o f  x o r  y o f  any 
s t a r t i n g  p o le  b e in g  3V, t h i s  r e p r e s e n t s  an e r r o r  v o l t a g e  6E = ±3mV(±l.2mV) .
As s t a t e d  e a r l i e r ,  t h e  maximum v o l t a g e  change a p p l ie d  to  th e  
sample and h o ld  c i r c u i t s  i s  ±10V o c c u r r in g  when a new s t a r t i n g  p o le  i s
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i n t e r r o g a t e d .  The 709C a m p l i f i e r s  employed f o r  a ^  and a (which
connec t to  S2X and S2Y r e s p e c t i v e l y )  have an e s t im a te d  maximum o u tp u t
c u r r e n t  c a p a b i l i t y  o f  8mA a t  t h i s  v o l t a g e .  A v a lu e  o f  3300ft f o r
r e s i s t o r  R, (F ig  6 .4 )  when added to  r ,  , * m a in ta in s  th e  c u r r e n t  to1 °  ds(on)max
w e l l  below  t h i s  v a l u e .  The tim e c o n s ta n t  i s  v e ry  much l e s s  th a n
th e  sam pling  tim e o f  0 . 1 s .  The maximum v o l t a g e  change a p p l i e d  to  S2X
o r  S2Y a t  th e  end o f  any i t e r a t i o n  i s  th e  s e a rc h  v e c t o r  m agnitude As.
Hence i f  r e s i s t o r  R0 i s  p u t  eq u a l  to  390ft, (R = 500ft) th e  maximumc. a
o u tp u t  c u r r e n t  c a p a b i l i t i e s  o f  a ^  and a^g a r e  n o t  exceeded . The maximum
tim e c o n s ta n t  | r^ + r ds (on)J^sT  *‘S ^  anc* s e t t ^n8 t i^e Pul s e  d u r a t i o n  
o f  MS12 to  0.5ms en su re s  ad eq u a te  ch a rg in g  o f  th e  s to r a g e  c a p a c i t o r .
The a m p l i f i e r s  employed f o r  S2X and S2Y have an o u tp u t  c u r r e n t  
c a p a b i l i t y  o f  5mA, In  o rd e r  to  o p e r a te  s a t i s f a c t o r i l y  th e  s u b se q u e n t  
sample and h o ld  c i r c u i t s  SIX and S1Y, C la ss  B common e m i t t e r  o u tp u t  
s t a g e s  were added to  th e  a m p l i f i e r s  employed i n  S2X and S2Y. The 
o v e r a l l  c i r c u i t  d iagram  f o r  th e s e  sample and h o ld  c i r c u i t s  i s  shown i n  
F ig  6 . 5 .
6 .5  Sample and h o ld  c i r c u i t s  SIX, S1Y (F ig  6 .6 )
As d i s c u s s e d  in  C hap te r  4 , d r i f t  i n  th e s e  c i r c u i t s  must be l e s s  
th an  AseTr/360 in  th e  tim e f o r  one i t e r a t i o n ,  where e r e p r e s e n t s  th e  
maximum a l lo w a b le  a n g u la r  e r r o r .
I f  th e  sam pling  tim e i s  s h o r t  when r e g i s t e r i n g  a s t a r t i n g  p o l e ,  
th e  f i r s t  two p o l a r i s a t i o n  tim e c o n s ta n t s  f o r  p o ly s ty r e n e  can  r e s u l t  i n  
a ’d r i f t 1 o f  700 ;iV in  th e  f i r s t  i t e r a t i o n  p e r io d .  For sm a l l  v a lu e s  o f  
s e a rc h  v e c t o r  m agnitude As, e x t r a  i t e r a t i o n s  w i l l  o ccu r  u n t i l  t h e  d r i f t  
p e r  i t e r a t i o n  has reduced  to  a s u i t a b l e  v a l u e .  For t h i s  r e a s o n  th e
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t o  C . E . O  "X "  
 ► ( Y )f r o m  S 2 X
( S 2 Y )
t o  a
F i g  6 .6  C i r c u i t  d i a g r a m  o f  s a m p l e  a n d  h o l d  c i r c u i t s  S I X  a n d  S I X .
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sam pling  tim e i s  s e t  to  0 . 1 s ,  red u c in g  c o n s id e r a b ly  the  e f f e c t  o f  th e  
f i r s t  p o l a r i s a t i o n  tim e c o n s ta n t  (40m s). The maximum d r i f t  f o r  th e
f i r s t  i t e r a t i o n  i s  a p p ro x im a te ly  120 ;uV.
In  F ig  6 .6  th e  FET employed (2N4849) has b a s i c a l l y  th e  same
c h a r a c t e r i s t i c s  as th e  2N4860 used in  S2X and S2Y, ex ce p t  t h a t  th e  minimum
v a lu e  o f  I „ or, i s  50mA and r ,  , s i s  25 ft . The a m p l i f i e r  i s  th e  DSS ds(on)max r
Analogue Device ty p e  40K. F or a s t o r a g e  c a p a c i t o r  v a lu e  o f  0 .5  / i F ,  
th e  maximum d r i f t  due to  le a k a g e  c u r r e n t  i s  l e s s  th a n  23pV  (5 yuV) in  
th e  tim e f o r  one i t e r a t i o n .  The maximum t o t a l  d r i f t  i s  t h e r e f o r e
143 }N  y i e l d i n g  a minimum v a lu e  f o r  As o f  13 mV,
V alues  o f  a m p l i f i e r  o f f s e t  v o l t a g e  and g a in  e r r o r  a r e  th e  
same as th o s e  g iven  in  s e c t i o n  6 .4 .  F eed th rough  o f  th e  g a te  d r iv e  
s ig n a l  v i a  c o n t r i b u t e s  an o f f s e t  v o l t a g e  o f  240 p V , The o u tp u t s  
o f  th e  p re c e d in g  sample and h o ld  c i r c u i t s  change once p e r  i t e r a t i o n  and 
then  on ly  by a sm all amount (gA s). D ra in  s o u rc e  c a p a c i t a n c e  c o u p l in g  
e f f e c t s  a r e  t h e r e f o r e  n e g l i g i b l e .
For th e s e  sample and h o ld  c i r c u i t s ,  th e  FETs a r e  o p e r a te d  
when s t o r i n g  e i t h e r  th e  v a lu e  o f  th e  s t a r t i n g  p o le  o r  a t r u e  p o in t  in  
th e  l o c u s ,  For th e  l a t t e r  c a s e ,  th e  sam pling  tim e i s  r e q u i r e d  to  be 
s h o r t  in  o rd e r  to  a c h ie v e  an o v e r a l l  low com pu ta tion  t im e .  I f  we l e t
t h i s  tim e be 1ms ( s e t  by MS11, F ig  5 . 4 ) ,  th en  making (R +■ r  . , N )Cr,m°  ds(on)m ax ST
equal to  125 p s  en su re s  ad eq u a te  ch a rg e  o f  th e  s to r a g e  c a p a c i t o r s .  A 
s u i t a b l e  v a lu e  o f  R i s  220ft. For a p o s s i b l e  maximum in p u t  v o l t a g e  change 
o f  10V, th e  peak  c u r r e n t  in  th e  FET i s  45mA. For th e  sm all  v a lu e  o f  t im e  
c o n s ta n t  employed th e r e  a r e  no d i s s i p a t i o n  d i f f i c u l t i e s .
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6 .6  D is c r im in a to r  g a te  G
The d i s c r i m i n a t o r  g a te  has to  o p e r a te  f o r  th e  two c a s e s :
( i )  When th e  s t a r t i n g  p o le  i s  i n t e r r o g a t e d  by i t s  r e s p e c t i v e  
s w i tc h  i n  th e  group B1 to  BIO. (See F ig  5 .1  and 5 .2 )
( i i )  When th e  B group o f  s w i tc h e s  i n t e r r o g a t e  any in p u t  
l i n e s  t h a t  a r e  connec ted  to  th e  o u tp u ts  o f  th e  sample 
and h o ld  c i r c u i t s  S2X and S2Y.
In  b o th  channe ls  case  ( i )  i s  th e  more c r i t i c a l  due to  th e  
in c lu s io n  o f  a  ^ and S2X in  th e  X channe l and th e  c o r re sp o n d in g  e lem en ts  
in  th e  Y c h a n n e l .  From t a b l e  6 .1  and s e c t i o n  6 .4  th e  maximum 
e q u iv a le n t  o f f s e t  v o l t a g e  in  b o th  ch an n e ls  i s  w i th in  th e  range  +23mV.
The d i s c r i m i n a t o r  g a te  th r e s h o ld  v o l t a g e  AV^ i s  s e t  to  a p p ro x im a te ly  
±28mV a t  bo th  i n p u t s .
The d i s c r i m in a t o r  g a t e  c i r c u i t  i s  shown i n  F ig  6 .7 .  I t
g iv e s  a l o g i c a l  *0f o u tp u t  when b o th  in p u t s  a r e  w i th i n  th e  ran g e  ±aV '
in  any com b in a tio n .  A l o g i c a l  l l l o u tp u t  i s  o b ta in e d  when e i t h e r  o r
b o th  in p u t s  a r e  o u t s id e  th e  range  iAV-, in  any com bina tion .  F u r th e r
th e  system  does n o t  g iv e  a f a l s e  l o g i c a l  t0 1 o u tp u t  when th e  two in p u t
v o l t a g e s  a r e  each g r e a t e r  th an  AV b u t  d i f f e r  in  m agnitude by an amountGx
l e s s  th a n  AV .
G
Choosing th e  r a t i o  Rp/R-j- to  be 20 s e t s  AV  ^ equa l to  ±25mV.
I f  b o th  in p u t s  a r e  w i th in  th e  range  ±23mV, th e  o u tp u t  v o l t a g e  o f  each 
a m p l i f i e r  i s  w i th in  th e  range  ±0.46V. Hence th e  feedback  s i l i c o n  
t r a n s i s t o r s  and T^ a r e  n o m in a lly  n o n -c o n d u c t in g ,  and th e  c o l l e c t o r  
v o l t a g e  o f  Tj. i s  ap p ro x im a te ly  ze ro  v o l t s ,  i . e .  l o g i c a l  'O ’ . I f
in p u t  1 f a l l s  to  -28mV, t r a n s i s t o r s  T^b and T^ conduct and th e  o u tp u t
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o f  T,. goes h ig h .  I f  t h i s  in p u t  r i s e s  to  28mV, t r a n s i s t o r s  T^a > and
T^ conduct and ag a in  th e  o u tp u t  o f  T,. i s  a t  l o g i c a l  ' 1 ' .  For in p u t  2 , th e
o p e r a t io n  i s  s i m i l a r .
The r e s i s t o r s  l a b e l l e d  Rg in  F ig  6 .7  a r e  in c lu d e d  to  l i m i t  th e  
c o l l e c t o r  c u r r e n t s  i n  t h e i r  a s s o c i a t e d  t r a n s i s t o r s .  The r e s i s t o r s  
l a b e l l e d  e n su re  t h a t  c o l l e c t o r  le ak ag e  c u r r e n t  i s  low when th e  
a s s o c i a t e d  t r a n s i s t o r  i s  in  th e  OFF s t a t e .  R everse  v o l t a g e  breakdown 
o f  th e  base  e m i t t e r  j u n c t i o n  o f  T,. i s  avo ided  by means o f  th e  d io d e  
The v a lu e  o f  R^ i s  dec id ed  by th e  o u tp u t  c u r r e n t  c a p a b i l i t y  o f  th e  
p re c e d in g  a m p l i f i e r s  a ^  and which a l s o  connec t to  th e  i n v e r s e
r e s o l v e r .
The s a t u r a t i o n  c o l l e c t o r  c u r r e n t  o f  T i s  a p p ro x im a te ly  1.5mA.
The minimum v a lu e  o f  h ^  f o r  th e  t r a n s i s t o r  i s  50, g iv in g  a maximum b a se
c u r r e n t  o f  30 uA f o r  s a t u r a t i o n .  For t r a n s i s t o r s  T-, o r  T0, th e'  lb  zb
minimum v a lu e  o f  h , a t  a c o l l e c t o r  c u r r e n t  o f  30 uA, i s  a p p ro x im a te lyrJj '
30, y i e l d i n g  a b a se  c u r r e n t  o f  1 ^^A. Thus a t  th e  t h r e s h o ld  l i m i t  an 
in p u t  change o f  1 .5mV sw itch es  th e  o u tp u t  from l o g i c a l  ’0* to  l o g i c a l  
’I ’ .
The re sp o n se  o f  th e  system  i s  m a in ly  governed by th e  t im e
c o n s ta n t  2C ^R p , where i s  th e  in p u t  c a p a c i t a n c e  o f  each feed b a ck
t r a n s i s t o r  in  th e  OFF s t a t e .  This  i s  o n ly  o f  im portance  a t  in p u t
l e v e l s  c lo s e  to  th e  th r e s h o l d  v a lu e .  The v a lu e  o f  C. in c lu d in gin
s t r a y s  i s  e s t im a te d  to  be a t  w o rs t  20pF, g iv in g  a d e lay  o f  a p p ro x im a te ly  
4 ^ s ,  f o r  an in p u t  v o l t a g e  o f  1.5mV in  excess  o f  th e  th r e s h o ld  v a l u e .
This  i s  w e l l  w i th in  th e  m argin  o f  excess  tim e a l l o c a t e d  to  th e  p u ls e  
w id th  o f  m onostab le  MS6. (see  s e c t i o n  6 . 3 ) .
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At h ig h  in p u t  l e v e l s ,  th e  feedback  t r a n s i s t o r s  can be  h e a v i ly  
s a t u r a t e d .  The s to r a g e  tim e when s w i tc h in g  o f f  i s  low compared to  th e  
tim e e la p s e d  (35 ^ s )  b e f o r e  th e  d i s c r i m i n a t o r  g a te  o u tp u t  i s  a g a in  
r e q u i r e d .
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C H A P  T E R 7
DESIGN PHILOSOPHY AND DETAILS PART 3
7 .1  The in v e r s e  r e s o l v e r  and r e s o l v e r
✓ -
In  th e  in v e r s e  r e s o l v e r  th e  c a r t e s i a n  c o - o r d in a te  v o l t a g e  
d i f f e re n c e s b e tw e e n  a t r i a l  p o in t  and s u c c e s s iv e  p o le s  and z e ro e s  a r e  
t ran s fo rm e d  to  s u c c e s s iv e  v a lu e s  o f  p o l a r  c o - o r d i n a t e s .  The r e s o l v e r  
g e n e ra te s  c a r t e s i a n  c o - o r d in a te s  from th e  p o la r  c o - o r d in a te s  As•and 0.
. . 30 31These t r a n s fo rm a t io n s  can be  implemented m  s e v e r a l  ways *
E le c t ro -m e c h a n ic a l  methods such as th e  s e r v o - p o s i t i o n e d  s i n e - c o s i n e  
p o te n t io m e te r  and th e  in d u c t io n  type  r e s o l v e r  can have h ig h  a c c u r a c ie s  
b u t  a r e  slow in  o p e r a t io n .  The l a t t e r  type  has th e  f u r t h e r  
d is a d v a n ta g e  o f  r e q u i r i n g  v e ry  a c c u r a te  m od u la tio n  and d em o d u la tio n .
In  th e  a l l - e l e c t r o n i c  m ethods, one o f  th e  commonest ty p e s  found in  
c o n v e n t io n a l  ana logue  com puters c o n s i s t s  o f  s in e  and c o s in e  d iode  
f u n c t io n  g e n e r a to r s  w i th  c o e f f i c i e n t  m u l t i p l i e r s  and a q u a d ra n t  s e l e c t o r .
D i f f e r e n t  forms o f  f u n c t io n  g e n e ra to r  can be employed, f o r  example l e v e l
. . . . 32d e t e c t i n g  com para to rs  s w i tc h in g  th e  in p u t s  to  a summation a m p l i f i e r
These methods a l l  r e q u i r e  c a r e f u l  a d ju s tm e n t  o f  d iode  (o r  com para to r)
co n d u c tio n  l e v e l s  and a m p l i f i e r  g a in .  O ther  methods a r e  th e  d i g i t a l
33 34g e n e r a t io n  o f  s in e  and c o s in e  f u n c t io n s  * , fo l lo w ed  by a d i g i t a l - t o -
analogue  c o n v e r t e r .
. 22 A method employed m  h y b r id  com puters , and used in  t h i s  s tu d y ,
c o n s i s t s  o f  two mode c o n t r o l l e d  i n t e g r a t o r s  and a s ig n  r e v e r s in g  a m p l i f i e r
connec ted  to  form a s im ple  harm onic m otion lo o p .  This a rrangem ent
has a h ig h  speed  o f  o p e r a t i o n ,  b u t  d is a d v a n ta g e s  a s s o c i a t e d  w i th  e l e c t r o n i c
sw i tc h in g  and non i d e a l  a m p l i f i e r s  a re  e n c o u n te re d .
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The b a s i c  method o f  o p e r a t io n  o f  th e  in v e r s e  r e s o l v e r / r e s o l v e r  
has been g iven  in  C hap te r  2 , s e c t i o n  2 . 3 . 2 .  The com plete  c i r c u i t  i s  
shown in  F ig  7 .1  and th e  r e q u i r e d  modes o f  o p e r a t io n  a re  l i s t e d  below . 
The r i g h t  hand column i n d i c a t e s  th e  in p u t  s t a t e s  o f  th e  ana logue  
s w i tc h e s ,  th e  e n t ry  " I "  i n d i c a t i n g  th o s e  s w i tc h e s  t h a t  a r e  c lo s e d .
In v e r s e  r e s o l v e r
1 . I n i t i a l  c o n d i t io n s  r e p r e s e n t in g  
th e  c a r t e s i a n  c o - o r d in a te  
v o l t a g e  d i f f e r e n c e s  to  be 
s e t  in  i n t e g r a t o r s  X and Y
Sw itches  a b c a b c
1 0 0 0 1 1
2. The loop  to  be s e t  to  th e  "compute" 
mode. The com parator, which 
i s  d e s c r ib e d  l a t e r ,  o p e r a t e s  
when th e  r e q u i r e d  an g le  i s  
computed.
0 0 1 1 1 0
R eso lv e r
3 . I n i t i a l  c o n d i t io n  r e p r e s e n t in g  th e
se a rc h  v e c t o r  m agnitude As, to  
be s e t  in  th e  Y i n t e g r a t o r
4 . The loop to  be  s e t  to  th e
"compute" mode, f o r  a tim e 
p r o p o r t i o n a l  to  th e  an g le  to  
be r e s o lv e d .
Sw itches a b c a b c
0 1 0  1 0 1
0 0 1 1 1 0
5 .  When th e  an g le  i s  r e s o lv e d ,  th e  
i n t e g r a t o r s  to  be sw itched  
to  th e  "h o ld "  mode.
0  0  0  1  1  1
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The p r i n c i p a l  so u rces  o f  e r r o r  in  th e  c i r c u i t  o f  F ig  7 .1  a r e :
F i n i t e  sw i tch  r e s i s t a n c e  and i t s  v a r i a t i o n ,  n o n - e q u a l i ty  
o f  in p u t  and feedback  r e s i s t a n c e s ,  and unequal i n t e g r a t o r  
tim e c o n s t a n t s .
O f f s e t  v o l t a g e s  produced by c a p a c i t i v e  feed th ro u g h  o f  th e  
g a te  d r iv e  s ig n a l  to  th e  i n t e g r a t o r  c a p a c i t o r ,  when tu r n in g  
o f f  s w i t c h e s .
Leakage c u r r e n t s , and a m p l i f i e r  b i a s  c u r r e n t ,  o f f s e t  
c u r r e n t  and o f f s e t  v o l t a g e  v a r i a t i o n  w i th  te m p e ra tu r e .
Non i d e a l  a m p l i f i e r  frequency  r e s p o n s e .
7 .1 .1  A m p li f ie r  and analogue  sw itch  c h a r a c t e r i s t i c s
To av o id  r e p e t i t i o n  in  th e  s e c t i o n s  t h a t  fo l lo w  th e  r e l e v a n t  
c h a r a c t e r i s t i c s  o f  th e  a m p l i f i e r s  and MOSTs employed a re  g iven  below .
( i )  I n t e g r a t o r  a m p l i f i e r s
From c o n s id e r a t io n s  o f  th e  h o ld  f a c i l i t y  r e q u i r e d  o f  th e  
i n t e g r a t o r s  and to  red u ce  in p u t  b ia s  c u r r e n t  e f f e c t s  when s w i tc h in g  from 
th e  i n i t i a l  c o n d i t io n  to  th e  compute mode, th e  a m p l i f i e r s  chosen  were FET 
in p u t  ty p e s  (Analogue D evices 40K) . These a r e  r e l a t i v e l y  in e x p e n s iv e .  
T h e i r  c h a r a c t e r i s t i c s  a r e  as fo l lo w s :
(i)
( i i )
( i i i )
( iv )
-129 -
Worst case value Typical value
V o ltag e  g a in  (Minimum)
In p u t  o f f s e t  v o l t a g e  change f o r  
a te m p e ra tu re  range  
o f  ±10°C abou t am bient 
I n p u t  o f f s e t  v o l t a g e  change f o r  
± 1% v a r i a t i o n  o f  
s u p p ly  v o l t a g e  
In p u t  b i a s  c u r r e n t
In p u t  o f f s e t  c u r r e n t  
In p u t  impedance
U nity  g a in  sm all  s i g n a l  f requency  
re sp o n se
5 x 10 (2 x 10 )
±200^V
150)iV 
ap p rox .  -30pA a t
30°C
(±150^V)
(lOOyiV)
A pprox.±15pA a t  30 C 
10n n //3 .5 p F
4MHz
( i i )  M etal o x id e  sem iconduc to r  t r a n s i s t o r s  (M ulla rd ,  BSV81)
D rain  s o u rc e  on r e s i s t a n c e  (V = 5V,V = QV,T=25° C) , 50n maximum
CjrO D b
D rain  so u rce  ’o f f 1 r e s i s t a n c e  0^q^~ “ 5V, V^^IOV) , 1 0  . .10 ft minimum
D ra in  c u t - o f f  c u r r e n t  (25 C) InA maximum
G a te -d ra in  c a p a c i t a n c e 0 .5pF  maximum
The MOSTs, in  th e  c i r c u i t  shown in  F ig  7 .1 ,  a r e  connec ted  in  a 
sh u n t  s e r i e s  a rrangem ent to  reduce  le a k a g e  c u r r e n t  e f f e c t s . When any 
s e r i e s  MOST sw itch  i s  OFF, i t s  d r a in  t e rm in a l  i s  connec ted  to  th e  • 
a m p l i f i e r  v i r t u a l  e a r t h  p o i n t ,  w h i l s t  i t s  so u rc e  and s u b s t r a t e  a r e  
connec ted  to  a grounded MOST t h a t  i s  ON. Hence V^g i s  a lm os t z e ro  
v o l t s .  For th e s e  c o n d i t io n s  th e  v a lu e  o f  le a k a g e  c u r r e n t  i s  red u ced  
by a t  l e a s t  one o rd e r  o f  m agn itude .
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An a d d i t i o n a l  b e n e f i t  r e s u l t i n g  from th e  s h u n t - s e r i e s  ;
c o n f ig u r a t io n  in  t h i s  c i r c u i t  i s  t h a t  th e  d r a in  and so u rce  o f  each MOST 
a r e  i n  th e  s te a d y  s t a t e ,  a t  ap p ro x im a te ly  ze ro  v o l t s .  Hence th e  g a t e  
d r iv e  s i g n a l  can be a f ix e d  v o l t a g e  e x c u r s io n .  F u r th e r  a h ig h e r  in p u t  
s i g n a l  v o l t a g e  can be h a n d le d ,  th e  l i m i t  b e in g  d e te rm ined  by th e  maximum 
.a l lo w a b le  peak g a te  v o l t a g e ,  in s t e a d  o f  th e  "co n t in u o u s  g a te  v o l t a g e " .
The maximum a l lo w a b le  "peak g a te  v o l t a g e  to  a l l  o th e r  
e l e c t r o d e s "  f o r  th e  MOSTs employed i s  ±15V. To e n su re  t h a t  t h i s
v a lu e  i s  n o t  exceeded a t  th e  i n s t a n t  o f  s w i tc h in g  any MOST, i t  i s  
n e c e s s a ry  to  l i m i t  th e  o u tp u t  v o l t a g e  o f  each a m p l i f i e r  i n  th e  in v e r s e  
r e s o l v e r  and a m p l i f i e r s  a ^  and ay^* This  i s  a ch iev ed  by c o n n e c t in g  
two s e r i e s  combined s i l i c o n  z e n e r  d iodes  (7.5V) between each o u tp u t  and 
ground (n o t  shown in  c i r c u i t  d ia g ra m ).  For a ±5V g a te  d r i v e  v o l t a g e , - 
th e  maximum peak g a t e - s o u r c e  v o l t a g e  i s  13.2V.
The maximum v o l t a g e s  a p p l ie d  to  th e  in v e r s e  r e s o l v e r  o c c u r  f o r  
t r a n s f e r  f u n c t io n s  hav ing  complex p o le s ,  e . g .  see  F ig  4 . 2 .  When 
p l o t t i n g  th e  lo c u s  b ran ch  from p o le  P , th e  maximum c a r t e s i a n  c o - o r d in a t e  
v o l t a g e  d i f f e r e n c e s  o ccu r  when d e te rm in in g  th e  ang les ,  to  th e  com plex? '-  
p o le  Q. I f  th e  lo c u s  i s  c o n f in e d  to  th e  l e f t  hand o f  th e  s - p l a n e a n d  
i t  i s  dec id ed  t h a t  th e  v o l t a g e  o r d in a t e  o f  th e  lo c u s  on th e  y a x i s  
s h a l l  n o t  be g r e a t e r  th a n  th e  maximum v a lu e  o f  th e  s t a r t i n g  p o l e ,  V^, 
th en  th e  maximum X and Y in p u t s  to  th e  i n v e r s e  r e s o l v e r  a r e  V and 2V
y y
r e s p e c t i v e l y .  Hence th e  peak v o l t a g e  o c c u r r in g  i n  th e  in v e r s e
I 2 2r e s o l v e r  i s  J (2V ) + V and must have a v a lu e  l e s s  th a n  8 .2  v o l t s !
v  y  y  '
Vy y/5 i s  ta k e n  to  be n o t  g r e a t e r  than  7 .5  V o l t s ,  i . e .  V^ |  3 V o l t s .  T h is  
v a lu e  d e c id e s  th e  v o l t a g e  a p p l ie d  to  th e  in p u t  p o te n t io m e te r s  (C h ap te r  6 ) •  
When p l o t t i n g  th e  lo c u s  o f  a p o le  a t  th e  o r i g i n ,  th e  maximum v a lu e  o f  th e
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lo cu s  a long  th e  X a x i s  i s  7 .5  V o l t s .  This  same v a lu e  a p p l i e s  i n  th e  
y a x i s  in  th e  c a se  o f  a double  p o le  a t  th e  o r i g i n .
7 .2  D is c u s s io n  o f  e r r o r s  a r i s i n g  in  th e  in v e r s e  r e s o l v e r
The two inodes o f  o p e r a t io n  o f  th e  in v e r s e  r e s o l v e r  a r e  now
c o n s id e re d ,  t a k in g  i n t o  accoun t th e  so u rc e s  o f  e r r o r  l i s t e d  in  s e c t i o n  7 .1
7 .2 .1  E r ro r s  i n  th e  in v e r s e  r e s o l v e r  i n  th e  i n i t i a l  c o n d i t io n  s e t t i n g  
mode .
( i )  r ds(on)*  and n o n 'e q u a l i t y  o f  in p u t  and feedback  r e s i s t a n c e s
r ds(o n )  aPPe a r s  -*-n t l^e c i r c u i t  betw een th e  in p u t  and feed b ack  
r e s i s t a n c e s  summing j u n c t i o n  and th e  a m p l i f i e r  in p u t  t e r m in a l .  I t s  
e f f e c t  i s  to  red u ce  th e  a m p l i f i e r  open loop  g a in ,  by a n e g l i g i b l e  amount.
The e f f e c t  o f  non equa l  in p u t  and feedback  r e s i s t a n c e  can be  x
c o n s id e re d  as a g a in  e r r o r  i n  each c h a n n e l .  This  has been c o n s id e re d  
a l re a d y  in  C hap te r  3 , s e c t i o n  3 .2 .2  where i t  was shown t h a t  t h i s  cou ld  
r e s u l t  in  a maximum a n g u la r  e r r o r  o f  a /2  r a d ;  a b e in g  th e  d i f f e r e n c e  
between th e  g a in  e r r o r s  i n  th e  two c h a n n e ls .  Employing h ig h  s t a b i l i t y  
m e ta l  f i lm  r e s i s t o r s  matched to  0.1%, w i th  th e  lo v e r  v a lu e d  one o f  a 
p a i r  connec ted  in  th e  feedback  p a th  in  each a m p l i f i e r ,  th e  
a n g u la r  e r r o r  i s  - a / 2 r a d .=  - 0 .0 3 4 ° .  T h is  v a lu e  in c lu d e s  a d i f f e r e n t i a l  
te m p e ra tu re  c o e f f i c i e n t  o f  r e s i s t a n c e  o f  20ppm/°C. Hence th e  
a n g u la r  e r r o r  a t  any p o in t  in  any lo cu s  i s  e s t im a te d  to  be w i th i n  - 0 . 1 ° .
( i i )  E f f e c t  o f  o f f s e t  v o l t a g e  produced by c a p a c i t i v e  fe e d th ro u g h
In c lu d in g  s t r a y  c a p a c i t a n c e ,  th e  maximum v a lu e  o f  d r a i n - g a t e  
c a p a c i t a n c e  w i l l  be abou t 5pF. For a feedback  c a p a c i t a n c e  o f  0.03/iF and 
g a te  d r iv e  s i g n a l  o f  ±5V, th e  o u tp u t  o f f s e t  v o l t a g e  p roduced  when t u r n i n g
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off a s e r i e s  HOST i s  ap p ro x im a te ly  1.7mV. This  i s  reduced  c o n s id e r a b ly  
by fe e d in g  an a n t ip h a s e  c a p a c i t i v e  s ig n a l  to  th e  v i r t u a l  e a r t h  p o i n t .  
O f f s e t  v o l t a g e s  a t  th e  o u tp u t  o f  each i n t e g r a t o r  can be c o n s id e re d  as 
b e in g  p r e s e n t  a t  th e  i n i t i a l  c o n d i t io n  in p u t s  o f  th e  in v e r s e  r e s o l v e r .
This -has been c o n s id e re d  in  C hap ter  3, s e c t i o n  3 .1
( i i i )  E f f e c t  o f  le a k a g e  c u r r e n t ,  a m p l i f i e r  in p u t  c u r r e n t ,  of f s e t  
c u r r e n t  and v o l t a g e  d r i f t .
A m p li f ie r  o f f s e t  c u r r e n t  te m p e ra tu re  dependency i s  n e g l i g i b l e  
compared to  o f f s e t  v o l t a g e  d r i f t  in  th e  i n i t i a l  c o n d i t io n  s e t t i n g  mode.
The two a m p l i f i e r s ,  b e in g  connec ted  as u n i ty  g a in ,  s ig n  i n v e r t i n g  
a m p l i f i e r s ,  have maximum o u tp u t  o f f s e t  v o l t a g e s  o f  +0.7mV (±0.5mV) a t  th e  
extrem es o f  te m p e ra tu re  and supp ly  v o l t a g e .  These o f f s e t  v o l t a g e  d r i f t s  
a r e  c o n s ta n t  a t  any te m p e ra tu re  and can be re g a rd e d  as o f f s e t  v o l t a g e s  
app lied ,  to  th e  in v e r s e  r e s o l v e r  i n p u t s .  T h e i r  e f f e c t  i s  th e  same as 
o f f s e t  v o l t a g e  d i s c u s s e d  in  S e c t io n  3 .1 .  The d r a in  c u t - o f f  c u r r e n t  o f  
th e  " o f f ” t r a n s i s t o r s  can be ig n o re d .
( iv )  E f f e c t  o f  n o n - id e a l  a m p l i f i e r  f req u en cy  re sp o n se
This  i s  o f  l i t t l e  im portance  in  t h i s  mode. For th e  a m p l i f i e r s  
employed, th e  minimum v a lu e  o f  s lew ing  r a t e  i s  6V/)is* This would o n ly  
be c o n s id e re d  i f  th e  tim e s p e n t  i n  th e  i n i t i a l  c o n d i t io n  s e t t i n g  mode w ere 
v e ry  s h o r t .
7 .2 .2  E r ro r s  o c c u r r in g  in  th e  in v e r s e  r e s o l v e r  in  th e  compute mode
( i )  E f f e c t s  o f  unequal r e s i s t o r s  Ry ) > unequal c a p a c i t o r s  Cy)
and non u n i ty  g a in  in  th e  s ig n  i n v e r t i n g  a m p l i f i e r
The g e n e ra l  d i f f e r e n t i a l  e q u a t io n  f o r  th e  s im ple  harm onic  m o tion
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(SHM) loop shown in  F ig  7 .2  in  terms o f  a g e n e ra l  dependen t v a r i a b l e  z
i s
z + (1 + <S) . z ~ 0
R C R C x x y y
The f req u en cy  o f  th e  SHM loop i s  g iv en  by
I Ci + s )
f cuvr = 2tt J R C R C (7 .1 )SHM x x y y . s
The a c t u a l  v a lu e  o f  f g ^  i s  n o t  c r i t i c a l , *  th e  f req u en cy  o f  th e  
c lo c k  g e n e r a t o r .o p e r a t i n g  th e  an g le  c o u n te r s  can be a d ju s t e d  such  t h a t  th e  
c o u n te r s  c y c le  once in  a t im e  o f  1 / f g ^ .  However, d i f f e r e n c e s  i n  th e  
tim e co n s tan ts  o f  th e  two i n t e g r a t o r s ,  o r  non u n i t y  g a in  i n  th e  s ig n  
i n v e r t i n g  a m p l i f i e r  produce am p li tu d e  e r r o r s  t h a t  r e s u l t  i n  an g le  
d e te rm in a t io n  e r r o r s .
F ig  7 .2  shows th e  v o l t a g e s  a t  th e  o u tp u t  o f  each a m p l i f i e r  i n  
th e  compute mode r e s u l t i n g  from th e  a p p l ie d  i n i t i a l  c o n d i t io n  v o l t a g e s  
and “V • The an g le  c o n d i t io n  d e t e c te d  by th e  com para to r  i s
V cosiot = I  V siniot
■ y J T T  xy y .
S u b s t i t u t i n g  w = 2‘irf<SHM
ta n  tot = V /  R C (1 + 6)y v  y y    
V R c
X X X
For th e  g iven  i n i t i a l  c o n d i t i o n s ,  th e  c o r r e c t  a n g le  shou ld  be g iv e n  by:
ta n  wt ~ V (7 .2 )
V
x
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P u t t i n g  Ry = Rx ( l  + ct^), + anc*  ^ non z e r o > t i^e a c t u a l  a n g le
i s  g iv en  by:
ta n (m t + 60) = V (1 + a) (7 .3 )
Vx
where a = a^ + + 6 f o r  s m a l l .a  a and 6
From e q u a t io n s  (7 .2 )  and (7 .3 )  we o b ta in :
aVy
60  = ta n  1 Vx ( 7 .4 )
2
(1 + a)1 +
Vy
v
X
This e q u a t io n  i s  th e  same as e q u a t io n  (3 .1 8 )  and th e  c o n c lu s io n s  
a r r i v e d  a t  in  s e c t i o n  3 .2 .2  a l s o  app ly  h e r e .  B r i e f l y ,  f o r  sm a l l  a ,  th e  
maximum v a lu e  o f  60 i s  a /2  o c c u r r in g  when = V^.
To e n su re  sm all  a n g u la r  e r r o r ,  th e  r e l e v a n t  components shou ld
be matched to  w i th i n  0.1%. The ON r e s i s t a n c e s  o f  th e  MOSTs T0 and T3x 3y
shou ld  be matched to  w i th in  a  few ohms. A s u i t a b l e  v a lu e  f o r  R and Rx y
i s  t h e r e f o r e  10,000fi. For a f requency  f g ^  eq u a l to  500Hz, a nom inal
v a lu e  f o r  C and C i s  0.03/siF.x y j :
The v a lu e  f o r  a i s  ap p ro x im a te ly  ±0.17%, r e s u l t i n g  i n  a maximum 
v a lu e  f o r  60 o f  ± 0 .05°  . At any p o in t  in  th e  lo c u s ,  th e  maximum t o t a l  
a n g u la r  e r r o r  i s  e s t im a te d  to  be ± 0 .1 5 ° .
The v a r i a t i o n  o f  r (j s (on) w ith  te m p e ra tu re  f o r  th e  MOSTs 
employed i s  a p p ro x im a te ly  0,5%/°C. For h ig h  s t a b i l i t y  m e ta l  f i lm  
r e s i s t o r s  and p o ly s ty r e n e  c a p a c i t o r s  th e  v a r i a t i o n s  a re  50ppm/°C and 
150ppm/°C r e s p e c t i v e l y .  By employing th e  same ty p e  o f  r e s i s t o r  and 
c a p a c i t o r  in  th e  c lo c k  g e n e r a to r  t im in g  c i r c u i t s ,  te m p e ra tu re  e f f e c t s  a r e
- 136 -
m in im ised . A change o f  SHM loop f requency  r e l a t i v e  to  th e  c lo ck  
f requency  r e s u l t s  in  th e  lo c u s  p l o t t e d  b e in g  n o t  e x a c t ly  th e  180° lo c u s .
( i i )  E f f e c t  o f  o f f s e t  v o l t a g e  p roduced  by c a p a c i t i v e  fe e d th ro u g h  when 
sw itc h in g  on t r a n s i s t o r s  and
For a t o t a l  d r a i n - g a t e  c a p a c i t a n c e  o f  5pF ( in c lu d in g  s t r a y s )  
th e  o u tp u t  o f f s e t  v o l t a g e  g e n e ra te d ,  when s w i tc h in g  on a s e r i e s  MOST, 
i s  a p p r o x im a te ly - 1 ,7mV in  each i n t e g r a t o r  .
There i s  some c a n c e l l a t i o n  between th e  o f f s e t  v o l t a g e  p roduced
a t  th e  end o f  th e  i n i t i a l  c o n d i t io n  mode, where V_, f o r  T, and T,G l x  l y
e x cu rse s  th rough  -10V, and th e  o f f s e t  v o l t a g e  g e n e ra te d  a t  th e  s t a r t  
o f  th e  compute mode. Employing com pensating a n t ip h a s e  c a p a c i t i v e  
s i g n a l s  th e  r e s i d u a l  o f f s e t  v o l t a g e s  can  be made v e ry  s m a l l .  These 
a l s o  can be re g a rd e d  as o f f s e t  v o l t a g e s  p r e s e n t  a t  th e  i n i t i a l  c o n d i t io n  
i n p u t s .
( i i i )  E f f e c t  o f  le ak ag e  c u r r e n t ,  a m p l i f i e r  in p u t  c u r r e n t ,  i n p u t  o f f s e t  
c u r r e n t  and v o l t a g e  d r i f t
The t o t a l  le ak ag e  c u r r e n t  a t  th e  in p u t  t o ,  s ay ,  th e  X i n t e g r a t o r  
i s  th e  sum o f  th e  d r a in  c u t - o f f  c u r r e n t s  o f  T ^ ,  T^x and F °r  th e
sh u n t  s e r i e s  co n n e c t io n  shown in  F ig  7 .1 th e s e  c u r r e n t s  and th e  a m p l i f i e r  
in p u t  b i a s  c u r r e n t  a r e  so sm all  compared to  th e  e f f e c t s  o f  i n p u t  o f f s e t  
v o l t a g e  d r i f t  t h a t  th ey  can be ig n o re d .
C ons ide r  a s i n g l e  i n t e g r a t o r  i n i t i a l l y  b a la n c e d  a t  room 
te m p e ra tu re  in  th e  i n i t i a l  c o n d i t io n  s e t t i n g  mode. At a d i f f e r e n t  
te m p e ra tu re ,  in p u t  o f f s e t  v o l t a g e  d r i f t  r e s u l t s  i n  an in p u t  o f f s e t  
v o l t a g e  t h a t  i s  c o n s ta n t  a t  t h i s  new te m p e ra tu r e .  When sw itc h e d  to
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th e  Compute* mode, t h i s  o f f s e t  v o l t a g e ,  v ,  causes  th e  i n t e g r a t o r  o u tp u t  
v o l t a g e  to  i n c r e a s e  a t  a r a t e  o f  v/CR v o l t s / s e c .  The v o l t a g e  v can 
t h e r e f o r e  be  r e p r e s e n te d  by a g e n e r a to r  o f  emf - v ,  connec ted  v i a  a 
r e s i s t o r  R to  th e  in p u t  ( v i r t u a l  e a r th )  o f  th e  a m p l i f i e r .  F or th e
ty p e  o f  a m p l i f i e r  u se d ,  v  can have a maximum v a lu e  o f  ±350jliV ( ±250pV)
a t  th e  ex trem es o f  te m p e ra tu re  and power supp ly  v a r i a t i o n .
F ig  7 .3  shows th e  a m p l i f i e r  o f f s e t  v o l t a g e  d r i f t s  -v ^  and - v  
r e p r e s e n t e d  by e q u i v a le n t  in p u t  v o l t a g e s .  The fo l lo w in g  e q u a t io n s  
r e s u l t :
y = (V + v ) coswt -  (V -  v ) s i n  cot — vy x x y x
x - = (V + v ) sincot + (V -  v ) costot + vy x x y  y
I t  i s  o bse rved  t h a t :
(a )  th e  t o t a l  o f f s e t  v o l t a g e  in  one i n t e g r a t o r  can be 
c o n s id e re d  as  an o f f s e t  v o l t a g e  p r e s e n t  i n  th e  i n i t i a l  
c o n d i t io n  o f  th e  o th e r  i n t e g r a t o r .  The e f f e c t  o f  
t h i s  ty p e  o f  o f f s e t  v o l t a g e  has  a l r e a d y  been  
c o n s id e re d  i n  s e c t i o n  3 .1
%
(b) Each i n t e g r a t o r  has  a d i r e c t  v o l t a g e  a t  i t s  o u tp u t  
eq u a l  to  th e  in p u t  o f f s e t  v o l t a g e  o f  th e  o th e r  
i n t e g r a t o r .  C o n s id e r in g  th e  x i n t e g r a t o r  o u tp u t ,  
t h i s  would le a d  to  e r r o r s - i f  t h e  g a in  a t  p o in t s  i n  
th e  lo c u s  were c a l c u l a t e d .  For th e  y i n t e g r a t o r ,  
t h i s  d i r e c t  v o l t a g e  w i l l  le a d  to  a n g u la r  e r r o r s  
s in c e  i t  w i l l  a l t e r  th e  com para to r  t h r e s h o l d .
T h i s 'w i l l  be  c o n s id e re d  ag a in  l a t e r .
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-(1+6)
F i g  7 .
Fig 7.
-V
V coswt x V coswt '
(1+6) V s inw t + - -rr ~ vwR C 'x x wR Cy y
V s in w t x
\ I n v e r s e  r e s o ; v e r  o u t p u t s  i n  t e r m s  o f  c i r c u i t  c o m p o n e n t s  
a n d  i n i t i a l  c o n d i t i o n  v o l t a g e s .
-v
I n i t i a l  c o n d i t io n  
a t  o u tp u t  = +V
I n i t i a l  c o n d i t i o n  
a t  o u tp u t  -  +V
3  R e p r e s e n t i n g  a m p l i f i e r  o f f s e t  v o l t a g e s  l^y e q u i v a l e n t
i n p u t  g e n e r a t o r s  C - v  ,  - v  )  a p p l i e d  t o  t h e  i n v e r s e  r e s o l v e r .
x  y
- 139 -
(iv) Effect of non-ideal amplifier frequency response
Appendix A1 shows an approx im ate  a n a l y s i s  f o r  t h i s  c a s e .
3 5
For a SHM loop th e  r e s u l t s  a g re e  w i th  th e  more g e n e ra l  t r e a tm e n t  by Dow .. 
The s l i g h t  change o f  f req u en cy  t h a t  o c c u r s . i s  u n im p o r ta n t ,  s in c e  an g le  
d e te rm in a t io n  i s  c a r r i e d  o u t  by a  f req u en cy  a d j u s t a b l e  c lo c k  g e n e r a t o r .
More s i g n i f i c a n t l y  th e  a n a l y s i s  shows t h a t  th e  damping f a c t o r  £ can be 
n e g a t iv e ,  hav ing  a v a lu e  o f  ap p ro x im a te ly  -8  f o r  th e  a m p l i f ie r s -  and 
c i r c u i t  components employed. S ince  th e  i n v e r s e  r e s o l v e r  does n o t  
o p e ra te  f o r  more th a n  one c y c le  th e  maximum e r r o r  i s  a p p ro x im a te ly  
1.6%. This would in t r o d u c e  e r r o r s  i f  th e  g a in  a t  p o in t s  i n  th e  lo c u s  
were c a l c u l a t e d .
As shown in  Appendix A2, th e  p r e f e r r e d  method o f  i n c r e a s in g  
£ i f  r e q u i r e d ,  i s  to  in c lu d e  some damping. This  was n o t  in c lu d e d  in  
th e  in s t ru m e n t  s in c e  e x p e r im e n ta l  r e s u l t s  showed a h ig h e r  v a lu e  f o r  C 
than  t h a t  g iven  above. This i s  to  be ex p ec ted  s in c e  i t  i s  u n l i k e l y  
t h a t  th e  a m p l i f i e r s  employed had t h e i r  minimum g a in -b a n d w id th  v a l u e .  
C a p a c i to r  le a k a g e  r e s i s t a n c e  w i l l  a l s o  te n d  to  red u ce  £, b u t  when u s in g  
p o ly s ty r e n e  ty p e s  t h i s  e f f e c t  i s  n e g l i g i b l e .
(v) E f f e c t  o f  g a te  d r iv e  feed th ro u g h  when s w i tc h in g  from compute 
to  ho ld
The tem porary  h o ld  mode o f  th e  in v e r s e  r e s o l v e r ,  when th e  c o r r e c t  
an g le  has  been d e te rm in e d ,  i s  o n ly  o f  im p o rtan ce  i f  th e  v a lu e  o f  g a in  a t  
p o in t s  in  th e  lo c u s  i s  to  be d e te rm in e d .  O f f s e t  v o l t a g e s  p roduced  a t
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th e  o u tp u t s  o f  th e  two i n t e g r a t o r s  by c a p a c i t i v e  fe e d th ro u g h  o f  th e  
s w i tc h in g  waveform can be reduced  by means o f  an a n t ip h a s e  c a p a c i t i v e  
d r iv e  to  th e  a m p l i f i e r  i n p u t .
( v i )  E r ro r s  due to  th e  s ig n  i n v e r t i n g  a m p l i f i e r
E f f e c t s  o f  g a in  e r r o r  have been c o n s id e re d  in  s e c t i o n  7 . 2 . 2 ( i )  . 
The o u tp u t  o f f s e t  v o l t a g e  a t  a g iv en  te m p e ra tu re ,  a r i s i n g  from in p u t  
o f f s e t  v o l t a g e  d r i f t ,  a c t s  as  an in p u t  v o l t a g e  a p p l ie d  to  th e  X 
i n t e g r a t o r .  T h is  ty p e  o f  e r r o r  has  been  c o n s id e re d  i n  ( i i i )  above 
where th e  e q u a t io n s  g iv en  app ly  h e re  w i th  v ,^ = 0 .  The same g e n e ra l  
c o n c lu s io n s  a p p ly ,  namely t h a t  t h i s  o f f s e t  v o l t a g e  behaves i n  e f f e c t  as 
an e r r o r  i n  th e  Y i n t e g r a t o r  i n i t i a l  c o n d i t i o n .  The d i r e c t  v o l t a g e  
o c c u r r in g  a t  th e  o u tp u t  o f  th e  Y i n t e g r a t o r  a l t e r s  th e  co m para to r  
t h r e s h o l d  and in t ro d u c e s  an e r r o r .  In  o r d e r  to  reduce  t h i s  e f f e c t  
th e  o p e r a t io n a l  a m p l i f i e r  ty p e  LM308A was employed. This  h a s  a maximum 
o f f s e t  v o l t a g e  d r i f t  o f  5^iV/°C. (1^lV/°C) and minimum supp ly  v o l t a g e  
r e j e c t i o n  r a t i o  o f  96dB(110dB).
7 .3  D is c u s s io n  o f  e r r o r s  a r i s i n g  in  th e  r e s o l v e r  c i r c u i t
The th r e e  modes o f  o p e r a t io n  o f  th e  r e s o l v e r  a r e  c o n s id e r e d  
h e r e ,  t a k in g  i n t o  accoun t th e  so u rc e s  o f  e r r o r  l i s t e d  in  s e c t i o n  7 .1 .
7 .3 .1  E r r o r s  o c c u r r in g  in  th e  r e s o l v e r  in  th e  i n i t i a l  c o n d i t io n  mode
( i )  r ^ _ , and non e q u a l i t y  o f  in p u t  and feedback  r e s i s t o r s
As d i s c u s s e d  x^hen d e a l in g  w i th  th e  in v e r s e  r e s o l v e r ,  th e  e f f e c t  
o f  f i n i t e  r ^ s ^on  ^ i s  n e g l i g i b l e  s in c e  th e  in p u t  r e s i s t a n c e  o f  th e  
o p e r a t io n a l  a m p l i f i e r  employed i s  v e ry  h ig h .  Non u n i t y  g a in  due to
” 141 -
unequal r e s i s t o r s  a l t e r s  s l i g h t l y  th e  s e a rc h  v e c t o r  m agnitude and i s  
u n im p o r ta n t .
( i i )  O f f s e t  v o l t a g e  due to  c a p a c i t i v e  fe e d th ro u g h  o f  g a te  d r iv in g  
s ig n a l  a t  t e rm in a t io n  o f  i n i t i a l  c o n d i t io n  mode.
A f te r  i n i t i a l  c o n d i t io n s  have been a p p l i e d ,  t r a n s i s t o r s  
and T,. t u r n  o f f  and th e  g a te  d r iv e  s i g n a l  i s  co u p led ,  v i a  th e  r e s p e c t i v e  
g a t e - d r a i n  c a p a c i t a n c e s  and s t r a y s ,  to  th e  i n t e g r a t o r  c a p a c i t o r s  C andX
Ch. As a r e s u l t  o f f s e t  v o l t a g e s  v^ and v^ a r e  p roduced  a t  th e  o u tp u ts  
o f  th e  X and Y i n t e g r a t o r s .  In  th e  compute mode th e  o u tp u t  o f  th e s e  
i n t e g r a t o r s  w i l l  be (A s + v ^ )s in w t  + v^coswt and (As + v^)coso)t -  .v^sinwt. 
r e s p e c t i v e l y .  v^ adds to  th e  se a rc h  v e c t o r  m agnitude and i s  u n im p o r ta n t .  
The e f f e c t  o f  te rm s in v o lv in g  v^ i s  to  r o t a t e  th e  e f f e c t i v e  s e a r c h  v e c t o r  
head ing  by an a n g le  60 = v ^ /(A s  + v ^ ) r a d . ,  f o r  sm all  v ^ .  The f i r s t  t r i a l  
p o i n t  P w i l l  be  d i s p la c e d  from th e  t r u e  lo c u s  as shown in  F ig  7 .4 .  When 
computing th e  sum o f  th e  a n g le s  to  p o le s  and z e ro e s ,  th e  p r i n c i p a l  
c o n t r i b u t i o n  to  th e  p hase  e r r o r  w i l l  be th e  a n g le  60 ( ig n o r in g  a l l  o t h e r  
so u rc e s  o f  e r r o r ) .  I f  P l i e s  o u t s id e  th e  phase  e r r o r  c o u n te r  a p e r t u r e  £, 
th e n  e x t r a  i t e r a t i o n s  w i l l  be ex ecu ted  u n t i l  th e  t r i a l  p o in t  p h ase  e r r o r  
i s  l e s s  th an  e .  For any one in s t ru m e n t  the  v a lu e  o f  60 w i l l  be c o n s ta n t -
An a l t e r n a t i v e  method o f  i n t e r p r e t i n g  th e  change o f  s e a r c h
v e c t o r  h ead ing  ;gives an approx im ate  i n d i c a t i o n  o f  th e  r e s u l t i n g  number
o f  a d d i t i o n a l  i t e r a t i o n s  t h a t  may o c c u r .  For As >> -v , s u c c e s s iv e  t r i a l
p o in t s  a r e  c lo s e  to  th e  t r u e  lo c u s .  The change in  h ead in g  a n g le  b e in g
s m a l l ,  th e  term s v coscut and v s inw t a r e  a lm o s t c o n s ta n t  betw een one* x . x
i t e r a t i o n  and th e  n e x t .  Thus th e s e  e r r o r s  can be c o n s id e re d  as  b e in g
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s i m i l a r  to  f ix e d  o f f s e t  v o l t a g e  e r r o r s  in  sample and h o ld  c i r c u i t s  S2X
v o l t a g e s  p r e s e n t  in  S2X and S2Y. I t  i s  n o te d  t h a t  th e  above e r r o r s  do 
n o t  r e s u l t  in  e x t r a  i t e r a t i o n s  b e in g  tak en  in  f in d in g  th e  second ' t r u e 1 
p o i n t .
( i i i )  E f f e c t  o f  le ak ag e  c u r r e n t ,  a m p l i f i e r  i n p u t  c u r r e n t ,  i n p u t  o f f s e t  
c u r r e n t  and v o l t a g e  d r i f t
w here , a t  th e  ex trem es o f  te m p e ra tu re  ra n g e ,  o f f s e t  v o l t a g e s  o f  ±700jiV 
(±500jiV) can be  p r e s e n t  a t  th e  o u tp u t  o f  each i n t e g r a t o r .  The e f f e c t  
o f  th e s e  i s  th e  same as o f f s e t  v o l t a g e  due to  c a p a c i t i v e  fe e d th ro u g h  
d is c u s s e d  in  ( i i )  above.
( iv )  E f f e c t  o f  n o n - id e a l  a m p l i f i e r  f requency  re sp o n se
As in  th e  case  o f  th e  in v e r s e  r e s o l v e r ,  a m p l i f i e r  f re q u e n c y  
re sp o n se  i s  o f  no im portance  in  th e  i n i t i a l  c o n d i t io n  s e t t i n g  p h a s e .
7 .3 .2  E r ro r s  o c c u r r in g  in  th e  r e s o l v e r  in  th e  compute mode
( i )  E f f e c t  o f  unequal r e s i s ta n c e s -  (R , R ) unequal c a p a c i t a n c e s  (C .,C ) — ;------ --------------------------— y---------------------- ;------------------------ x— y -
and non u n i ty  g a in  in  th e  s ig n  in v e r t i n g  a m p l i f i e r .
and S2Y. As a w o rs t  c a se  we can add th e  v o l t a g e  v to  th e  o f f s e tx
Num erical v a lu e s  h e re  a r e  th e  same as in  th e  in v e r s e  r e s o l v e r ,
I t  i s  n o te d  t h a t  th e  c i r c u i t  i s  i d e n t i c a l  to  t h a t  o f  th e
in v e r s e  r e s o l v e r  in  th e  compute mode. P u t t i n g  v^ = A s,  v^ = 0 i n  F ig  
7 .2  y i e l d s  th e  fo l lo w in g  x and y r e s o l v e r  components:
x A s c o s w t
y A s s in w t A s s i n w t
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P u t t i n g  C = C (1 + a . )y x 1
R = R (1 + a 0) y x 2
then  f o r  a^ ,  and 6<<1
+ «2 + 5
y = (1 + a) A ssinw t, where a = ------------------- ---------
The x and y components a r e  shown in  F ig  7 .5 .  The a n g u la r  e r r o r  50, o f
th e  r e s u l t a n t  v e c t o r  from i t s  c o r r e c t  d i r e c t i o n  i s :
a s i n  w t.cosw t ■ - 60 =  --------
1 + a  s i n  wt
mu * rrt a  r a d i a n .T h e re fo re  60 = —r~max 2
Ig n o r in g  o th e r  so u rc e s  o f  e r r o r  60 i s  v e ry  n e a r l y  th e  m easured
phase  e r r o r  a t  th e  f i r s t  t r i a l  p o i n t .  The s e t - o f f  d i r e c t i o n  w i l l  be
s u c c e s s iv e l y  changed p e r  i t e r a t i o n  u n t i l  th e  phase  e r r o r  i s  l e s s  th a n  e .
In  f in d in g  f u r t h e r  t r u e  p o in t s  in  the  lo c u s  th e  phase  e r r o r  due to  50
p r o g r e s s i v e l y  d e c r e a s e s .  For th e  same component to l e r a n c e  a s  g iv e n  in
s e c t i o n  7 . 2 . 2 ( i )  60 = 0 .0 5 °  and no e x t r a  i t e r a t i o n s  would be r e q u i r e dmax
in  f in d in g  th e  f i r s t  t r u e  p o in t  in  th e  l o c u s .
( i i )  E f f e c t  o f  o f f s e t  v o l t a g e s  produced by c a p a c i t i v e  fe e d th ro u g h  when 
sw itc h in g  on t r a n s i s t o r s  T^.. and T^ ^ ,
These v o l t a g e s  have th e  same e f f e c t  as  th e  o f f s e t  v o l t a g e s  
produced a t  th e  end o f  th e  i n i t i a l  c o n d i t io n  s e t t i n g  p h a s e .  As
e x p la in e d  when’d e a l in g  w i th  th e  in v e r s e  r e s o l v e r ,  t h e r e  i s  some 
c a n c e l l a t i o n  o f  th e s e  v o l t a g e s . .
- 144 -
( A s  . +  v  )  s in u jfb
y
( A s  + v  )  c o s c u t
F i g  7 * 4  R e p r e s e n t a t i o n  o f  o f f s e t  v o l t a g e s  g e n e r a t e d  i n  t h e
i n v e r s e  r e s o l v e r  a t  t e r m i n a t i o n  o f  i n i t i a l  c o n d i t i o n  m o d e .
A s  c o s  cot
« A s  s i n  Out
s i& s to t  c o s c o t
cot
F i g  7 * 5  R e s o l v e r  c o m p o n e n t s  i n  t h e  c o m p u t e  m o d e *
(iii) Effect of! leakage current, amplifier input current, input offset
c u r r e n t  and v o l t a g e  d r i f t
As d i s c u s s e d  in  s e c t i o n  7 . 2 . 2 ( i i i )  th e  t o t a l  o f f s e t  v o l t a g e s  can 
be r e p r e s e n t e d  by g e n e r a to r s  o f  emf -v ^  and-—v connec ted  v i a  r e s i s t o r s  
R^ and to  th e  v i r t u a l  e a r t h  p o in t  o f  th e  x and y i n t e g r a t o r s  
r e s p e c t i v e l y .  The maximum v a lu e s  o f  v^ and v^ a r e  ±350;mV f o r  th e  
te m p e ra tu re  range  10°C to  30°C. The i n t e g r a t o r  o u tp u ts  a r e
x = ( As + v ^ )s in w t  -  v^coswt + Vy
y = (As + v )cosw t + v s inw t -  vJ x y x
P o in t s  to  n o te  a r e :
(a) v  adds to  th e  s e a rc h  v e c t o r  m agnitude and in  t h i s
X
r e s p e c t  i s  u n im p o r ta n t .
(b) The e f f e c t  o f  v^ i s  to  r o t a t e  th e  e f f e c t i v e  s e a r c h
v e c t o r  by an an g le  equa l  to  v /(As + v  ) .  This  i sy x
s i m i l a r  to  th e  e f f e c t  o f  o f f s e t  v o l t a g e  due to  
c a p a c i t i v e  fe e d th ro u g h  a t  th e  end o f  th e  i n i t i a l  
c o n d i t io n  mode, ( s e e  s e c t i o n  7 . 3 . 1 ( i i ) ) .
(c )  D i r e c t  v o l t a g e s ,  v^ in  th e  x c h a n n e l ,  v^ i n  th e  y
c h a n n e l ,  a r e  fed  to  th e  lo c u s  u p d a t in g  c i r c u i t s .  
These v o l t a g e s  behave as i f  th e y  were o f f s e t  
v o l t a g e s  p r e s e n t  in  th e  sam p le -an d -h o ld  c i r c u i t s  
S2X and S2Y r e s p e c t i v e l y .  I t  i s  n o te d  t h a t  they  
do n o t  c o n t r i b u t e  e x t r a  i t e r a t i o n s  in  f in d in g  th e  
second ’ t ru e *  p o i n t .
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(iv) Effect of non-ideal amplifier frequency response
As shown in  Appendix A1 th e  i n t e g r a t o r  o u tp u t s  a r e  o f  th e  
form A s e ^ ^ ^ c o s  u t  and A s e ^ ^ s i n  wt ,  where k i s  a c o n s ta n t  f o r  th e  
g iv en  c i r c u i t .  Thus th e  s e a rc h  v e c to r  m agnitude v a r i e s  s l i g h t l y  w i th  
0, b u t  th e  v e c t o r  d i r e c t i o n  i s  n o t  changed. As shown in  Appendix A2 
th e  e f f e c t  d e s c r ib e d  can be p a r t i a l l y  compensated f o r  by c o n n e c t in g  
a c a p a c i t o r  a c ro s s  th e  in p u t  r e s i s t o r  o f  each i n t e g r a t o r .
(v) E r r o r s  due to  th e  s ig n  i n v e r t i n g  a m p l i f i e r
E f f e c t s  o f  g a in  e r r o r  have been  c o n s id e re d  in  s e c t i o n  7 . 3 . 2 ( i ) .  
O f f s e t  v o l t a g e  a c t s  as  an in p u t  v o l t a g e  a p p l ie d  to  th e  X i n t e g r a t o r .
This ty p e  o f  erro?: has been c o n s id e re d  in  ( i i i )  above, where th e  e q u a t io n s  
g iv e n  app ly  h e r e  w i th  v^ = 0 .  The same g e n e ra l  c o n c lu s io n s  ap p ly  in  t h i s  
c a s e .
7 .3 .3  E r ro r s  o c c u r r in g  in  th e  r e s o l v e r  in  th e  h o ld  mode
When th e  r e q u i r e d  v a lu e s  o f  Ascos0 and Assin0 have been  
computed, th e  r e s o l v e r  i s  sw itch ed  to  t h e ’h o l d 1 mode, where th e  in p u t  
to  each i n t e g r a t o r  i s  i d e a l l y  o p e n - c i r c u i t e d .  The i n t e g r a t o r  o u tp u t s
I I ! I
w i l l  be Ascos0 + v , and Assin0 + v , where v  and v r e s u l t  fromy x y x
c a p a c i t i v e  fe e d th ro u g h  o f  th e  g a te  d r iv e  s i g n a l ,  and droop due to  
le a k a g e  c u r r e n t s  a t  th e  a m p l i f i e r  i n p u t s .  Again th e s e  v o l t a g e s  can be 
c o n s id e re d  as b e in g  g e n e ra te d  in  th e  sam p le -an d -h o ld  c i r c u i t s  S2X and 
S2Y. They r e s u l t  in  e x t r a  i t e r a t i o n s  i n  f in d in g  th e  f i r s t  t r u e  p o i n t  
in  th e  l o c u s .
I f  th e  t o t a l  d r a i n - g a t e  c a p a c i t a n c e  in c lu d in g  s t r a y s  i s  5pF,
»
Cy  (and Cv) = 0 .03pF , and th e  g a t e  d r iv e  v o l t a g e  i s  ±5V, th e  o u tp u t
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v o l t a g e  o f f s e t  in, each  i n t e g r a t o r  i s  -1.7mV. I f  r e q u i r e d  t h i s  can be 
c o n s id e ra b ly  reduced  by a s u i t a b l e  a n t ip h a s e  c a p a c i t i v e  s i g n a l .  The 
t o t a l  le a k a g e  c u r r e n t  i s  th e  sum o f  th e  d r a in  c u t - o f f  c u r r e n t s  o f  
T^x > T3x » T5x ^o r  t i^e x i n t e g r a t o r  and T ^ ,  T ^ ,  T^ f o r  th e  Y i n t e g r a t o r .  
As d is c u s s e d  e a r l i e r  th e s e  c u r r e n t s  a r e  v e ry  low; f o r  a h o ld  tim e o f  1ms 
th e  e s t im a te d  maximum v o l t a g e  change i s  20 i^V< With th e  in p u t  v i r t u a l l y  
o p e n - c i r c u i t e d ,  o f f s e t  v o l t a g e  due to  in p u t  o f f s e t  v o l t a g e  d r i f t  
in t r o d u c e s  no a d d i t i o n a l  e r r o r  as  te m p e ra tu re  v a r i e s .
7 .4  N oise  c o n s id e r a t io n s
Assume a n o is e  v o l t a g e  g e n e r a to r  a p p l ie d  to  th e  i n p u t  o f  th e  
X i n t e g r a t o r  (F ig  7 . 3 ) .  S in ce  th e  s im p le  harm onic m otion loop  n e v e r  
o p e ra te s  f o r  a lo n g e r  p e r io d  th a n  one c y c le  a s te a d y  s t a t e  a n a l y s i s  o f  
n o i s e ,  based  op th e  system  freq u en cy  r e s p o n s e ,  i s  n o t  a p p l i c a b l e .
An approach  t h a t  can be employed i s  one used  f o r  l i n e a r  t im e  v a ry in g
36 -system s which e n ab le s  th e  mean sq u a re  re sp o n se  o f  a sy s tem , q2 ( t 2>t^ )
to  be  de te rm in ed  a t  a tim e t 2 , due to  n o i s e  a p p l ie d  c o n t in u o u s ly  from
a tim e t^  to  The mean s q u a re  re sp o n s e  i s  g iven  b y : -
q 2 ( t 2 , t i )  2
v »  I . 1 2
2
where |Y(jw, t *ie  sum t i^e  s<Iu a re s  ° f  ^ ie system
freq u en cy  re sp o n se s  a t  a time due to  a 
s in u s o id a l  and c o s in u s o id a l  in p u t  a p p l i e d  
a t  tim e t ^ .
and $(m) i s  th e  n o i s e  power s p e c t r a l  d e n s i t y .
C onsider  th e  SHM loop to  be  i d e a l ,  hav in g  a t r a n s f e r  f u n c t i o n
2 i , 2 . 2 ,7 ( s  + w ) ,  where m i s  th e  loop f re q u e n c y .  For a s i n u s o i d a l  in p u t  o f
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u n i t  am p li tu d e  ^ sm  p t ;  tn e  o u tp u ts  VQX> v0y o r  tn e  A ana 1 i n t e g r a t o r s  
r e s p e c t i v e l y  a r e  g iven  b y : -
k
V =— ;r(cos cot -  cos k cot)ox _ . 21 -  k
k 1 .
V =  ---- « ( s in  cot -  —s in  k cot)
oy i  -  k 2 k
where k = p/co*
For a u n i t  am p litu d e  c o s in u s o id a l  in p u t  (cos p t )  th e  o u tp u t s  
o f  th e  two i n t e g r a t o r s  a r e : -
V = — -— ^ ( s i n  cot -  k s in  cot) 
ox i  -  k 2
V  a  ----- 1----- 7 (C O S  k COt ~  C O S CO t)
oy i - k 2
A d i g i t a l  com puter program was developed  to  c a l c u l a t e  th e
v a lu e  o f  |Y(jto, t 2 * t ^ ) |  a t  th e  o u tp u t  o f  each i n t e g r a t o r  a t  d i f f e r e n t
f r e q u e n c i e s .  The r e s u l t s  f o r  some v a lu e s  o f  t ^  a r e  shown in  F ig  7 .6 a
and 7 ,6 b . .  I f  i n  th e  range  k = 0 .01  to  k = 100 we assume a w h i te  n o i s e
2
s p e c t r a l  d e n s i t y ,  N v o l ts^  / u n i t  bandw id th , th e n  th e  maximum v a lu e  f o r
4 2th e  a r e a  under any o f  th e  cu rves  i s  n o t  g r e a t e r  th a n  abou t 10 ttN v o l t s  , 
From e q u a t io n  7 .1 ,  th e  e f f e c t i v e  mean n o is e  v o l t a g e  i s  t h e r e f o r e  ^  70E, 
where E = \/E ~ th e  in p u t  n o i s e  v o l t a g e  p e r  \ / u n i t  b an d w id th . F o r  th e  
a m p l i f i e r  employed in  th e  X i n t e g r a t o r  th e  av e ra g e  v a lu e  o f  E i s
—8 i3 x 10 V/Hz in  th e  f req u en cy  range  r e p r e s e n te d  by k = 0 .01  to  100. 
Thus th e  maximum e f f e c t i v e  n o is e  has a v a l u e '= '2 . 1 pV a t  th e  o u tp u t  o f  
each i n t e g r a t o r  . This  i s  v e ry  low in  v a lu e  and can be ig n o r e d .
S im i la r ly  n o i s e  a s s o c i a t e d  w ith  th e  Y i n t e g r a t o r  a m p l i f i e r  and th e  s ig n  
i n v e r t e r  c o n t r i b u t e  l i t t l e  e x t r a  n o i s e .  At low f r e q u e n c ie s  (<5Hz) th e  
a m p l i f i e r  n o is e  s t a r t s  to  i n c r e a s e .  From F ig  7 .6 b ,  th e  low f re q u e n c y  
n o i s e  i s  doubled  when t  = 0 . 5 t . Again t h i s  i s  n o t  s e r io u s  compared to  
th e  e r r o r s  in t ro d u c e d  from o th e r  so u rc e s  p r e v io u s ly  d i s c u s s e d .
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- 150 -
7.5  MOST g a te  d r iv e  c i r c u i t
The d r i v e  c i r c u i t  employed f o r  each p a i r  o f  sh u n t  s e r i e s  
a r ra n g e d  MOSTs i s  shown in  F ig  7*7. When th e  in p u t  r i s e s  to  l o g i c a l
*1’ , th e  t h r e e  t r a n s i s t o r s  co n d u c t .  The c o l l e c t o r  v o l t a g e  o f  T^ r i s e s
to  a p p ro x im a te ly  +5V, tu r n in g  on th e  s e r i e s  MOST. The c o l l e c t o r  
v o l t a g e  o f  T^ f a l l s  to  ap p ro x im a te ly  -5V sw i tc h in g  o f f  th e  s h u n t  MOST.
High speed  s w i tc h in g  t r a n s i s t o r s  a r e  used in  o r d e r  to  m a in ta in  
an g le  com pu ta tion  e r r o r s  w i th in  th e  l i m i t s  g iven  in  C hap ter  5 ,  s e c t i o n  
5 . 4 . 1 .  The t r a n s i s t o r  s w i tc h in g  c h a r a c t e r i s t i c s  s u p p l ie d  by th e  
m a n u fa c tu re rs  a r e  as fo l lo w s :
BSX 19
B1
2N2411
t on max = 1 2 n s , = 10mA.
TBl = 10mA
t .f  max = 15ns, Ic = 10mA I B2 = 10mA
t s max
= 1 0 n s , Ic = I B1 XB2 = 10mA
and I B2 a r e th e  fo rw ard  and r e v e r s e b ase  c u r r e n t s  r e s p e c t i v e l y .
t on max
= 25ns, xc' = 10mA
t o f f  max
= ( t f  + V  - 100ns, I u = 10mA, I g i  = 2.5mA, I b2 = 2mA
37
A pplying th e  Ebers and Moll e q u a t io n s  to  th e  above d a t a ,
approx im ate  w o rs t  c a se  v a lu e s  o f  t r a n s i s t o r  tim e c o n s ta n t s  can be
e v a lu a te d .  For th e  BSX19 t r a n s i s t o r ,  th e  r i s e  (and f a l l )  tim e c o n s t a n t  x^
i s  25ns and th e  d e s a t u r a t i o n  tim e c o n s ta n t  x i s  14ns. The e s t im a te d  tim es
d e la y  tim e t ^  i s  4 n s .  These v a lu e s  a r e  used  to  d e te rm in e  th e  s w i tc h in g
tim es o f  t r a n s i s t o r  T^ and T^ in  th e  c i r c u i t  o f  F ig  7*7. The
c a l c u l a t i o n s  a r e  u n n e c e ssa ry  f o r  T^ s in c e  t h i s  t r a n s i s t o r  i s  o p e r a t in g  
v e ry  c l o s e l y  to  th e  m a n u fa c tu r e r s 1 t e s t  c o n d i t i o n s .
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The MOSTs in  F ig  7 .1  have maximum v a lu e s  o f  ON and OFF tim es  
o f  20ns and 50ns r e s p e c t i v e l y .  These a r e  n o t  quo ted  in  th e  d a ta  s h e e t s  
and have been  g iv en  as e s t im a te d  maximum v a lu e s  by th e  m a n u f a c tu r e r s . 
The fo l lo w in g  s w i tc h in g  t im es  app ly  to  th e  c i r c u i t s  o f  F ig  7 *7 and 7.1
T r a n s i s t o r  ^  T3 M0ST
On t i m e ( n s )  20 25 20 20
Off tim e ( n s ) 50 100 54 50
C ons ide r  th e  shun t s e r i e s  a r rangem en ts  o f  MOSTs in  th e  c i r c u i t  
o f  F ig  7 .1 .  For any s e r i e s  MOST th e  t o t a l  t im e between th e  l o g i c  s i g n a l  
*1* ap p e a r in g  a t  th e  i n p u t  to  th e  g a t e  d r iv e  c i r c u i t  and th e  c l o s i n g  o f  
th e  sw i tch  i s  65ns .  F or th e  a s s o c i a t e d  sh u n t MOST th e  tim e e la p s e d  
b e f o r e  tu r n in g  o f f  i s  115ns. When th e  lo g i c  s i g n a l  f a l l s  to  ’O ' ,  th e  
t o t a l  tim e b e f o r e  th e  s e r i e s  sw itch  tu r n s  o f f  i s  200ns and f o r  th e  a l l i e d  
s h u n t  sw itch  th e  tu rn -o n  .de lay  tim e i s  224ns.
To each o f  th e  above tim e d e la y s  th e  a u th o r  recommends th e  
a d d i t i o n  o f  a f u r t h e r  tim e d e la y  o f  40ns to  a l low  f o r  s t r a y s  and f o r  th e  
approx im ate  d e r i v a t i o n  o f  some o f  th e  sw i tc h in g  t im e s .  I n  C hap te r  5 ,  
s e c t i o n  5 . 4 . 1 ,  when c a l c u l a t i n g  th e  tim e d e la y  t^  a t  th e  s t a r t  o f  th e  
compute mode, a v a lu e  o f  155ns was tak en  as th e  d e la y  b e f o r e  th e  a n a lo g u e  
s w i tc h  o p e r a t e d .  From th e  above, t h i s  i s  th e  tim e d e la y  b e f o r e  th e  
sh u n t  MOSTs tu r n  o f f .  The tim e d e la y  betw een th e  o p e r a t io n  o f  th e  s e r i e s  
and sh u n t  sw i tc h e s  o f  a p a i r  i s  o f  l i t t l e  im portance  -  i n  th e  compute 
mode th e  c i r c u i t  i s  e f f e c t i v e l y  in  a h o ld  c o n d i t io n  f o r  t h i s  t im e .
The o u tp u ts  R and S connec t r e s p e c t i v e l y  to  th e  v i r t u a l  e a r t h  
p o in t s  o f  th e  X and Y i n t e g r a t o r s .  These o u tp u t s  a re  p ro v id e d  on ly  
in  th e  g a te  d r iv e  c i r c u i t s  used f o r  g e n e r a t in g  s i g n a l s  a (an d  a) and 
b (and b) in  F ig  7 .1 .  That i s ,  a n t ip h a s e  c a p a c i t i v e  s ig n a l s  a r e
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employed to  c a n c e l  th e  v o l t a g e  o f f s e t s  p roduced  a t  th e  end o f  th e  i n i t i a l  
c o n d i t io n  mode and a t  th e  s t a r t  o f  th e  compute mode in  th e  in v e r s e  
r e s o l v e r  and r e s o l v e r .  The arrangem en t was n o t  employed in  th e  c i r c u i t  
g e n e r a t in g  s i g n a l  c (and c) in  o rd e r  to  reduce  th e  number o f  a d ju s tm e n ts  
to  be c a r r i e d  o u t .  The o f f s e t  v o l t a g e s  p roduced  when s w i tc h in g  to  th e  
h o ld  mode a r e  o n ly  o f  conce rn  in  th e  r e s o l v e r  c i r c u i t ,  where th e y  behave 
as o f f s e t  v o l t a g e s  g e n e ra te d  i n  sample and h o ld  c i r c u i t s  S2X and S2Y.
7 .6  The com para to r  c i r c u i t
The c o r r e c t  an g le  i s  r e g i s t e r e d  i n  c o u n te r s  1 and 3 ( se e  
C hap ter  5) when th e  o u tp u t  v o l t a g e  o f  th e  in v e r s e  r e s o l v e r  Y i n t e g r a t o r  
i s  z e ro  and has a n e g a t iv e  r a t e  o f  change w i th  t im e .  The minimum 
a m p litu d e  o f  t h i s  ’s i n u s o i d a l '  v o l t a g e  i s  d e te rm in ed  by th e  v o l t a g e  
s e p a r a t i o n  a l l o c a t e d  to  double  p o l e s .  This  s e p a r a t i o n ,  which must be  
g r e a t e r  th a n  th e  t h r e s h o ld  o f  d i s c r i m i n a t o r  g a te  G, i s  s e t  to  40raV.
The minimum ze ro  c ro s s in g  p o in t  r a t e  o f  change o f  v o l t a g e  o c c u rs  on ly  
a t  th e  s t a r t  o f  th e  com puta tion  when th e  s e t - o f f  d i r e c t i o n  i s  b e in g  
d e te rm in e d .  At th e  f i r s t  t r i a l  p o in t  th e  s m a l le s t  am p li tu d e  o f  th e  Y 
i n t e g r a t o r  o u tp u t  i s  th e  s e a rc h  v e c t o r  m agnitude As..
F ig  7.8 shows th e  com plete  com para to r  c i r c u i t .  The v a lu e  o f  
th e  in p u t  r e s i s t o r  R i s  s p e c i f i e d  by th e  maximum o u tp u t  c u r r e n t  c a p a b i l i t y  
o f  th e  Y i n t e g r a t o r  a m p l i f i e r .  The d iodes  and p re v e n t  o v e r lo a d in g  
o f  th e  p r e - a m p l i f i e r  a t  h ig h  in p u t  l e v e l s .  The p r e - a m p l i f i e r  i s  needed  
in  t h i s  a p p l i c a t i o n  f o r  s a t i s f a c t o r y  o p e r a t io n  o f  th e  type  LM206 
com para to r  u n i t .  The o p e r a t i o n a l  a m p l i f i e r  s e l e c t e d  f o r  t h i s  pu rp o se  
i s  th e  ty p e  /pA702A chosen s p e c i f i c a l l y  f o r  i t s  w ide bandw idth  and low 
c o s t .  For th e  v a lu e s  o f  f req u en cy  com pensa tion  components shown in  
F ig  7.8 th e  minimum bandw idth  i s  4MHz, th e  v o l t a g e  g a in  b e in g
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ap p ro x im a te ly  12. The tim e d i f f e r e n c e  between th e  in p u t  and o u tp u t  z e ro  
c r o s s in g  p o in t s  i s  t h e r e f o r e  a p p ro x im a te ly  40ns f o r  sm all  i n p u t s . For 
l a r g e  in p u ts ,w h en  th e  d iodes  co n d u c t ,  t h i s  d e la y  w i l l  be s l i g h t l y  reduced  
due to  th e  approx im ate  s te p  n a tu re  o f  th e  v o l t a g e  a t  th e  a m p l i f i e r  i n p u t .
In  a  l i m i t i n g  a m p l i f i e r  i t  i s  u s u a l  to  f i n d  th e  clam ping  d io d es .
38connec ted  in  th e  feedback  p a th  o f  a s ig n  in v e r t i n g  a m p l i f i e r  . This  
was n o t  done h e re  s in c e  th e  r e s u l t i n g  c lo s e d  loop g a in  v a r i a t i o n s  o f  
th e  a m p l i f i e r  a t  d i f f e r e n t  in p u t  l e v e l s  cou ld  r e s u l t  i n  i n s t a b i l i t y .  
Employing h ig h  speed  s w i tc h in g ,  low c a p a c i t a n c e  (lpF  max) d io d e s ,  and 
a l lo w in g  4pF f o r  s t r a y s ,  th e  in p u t  t im e  c o n s ta n t  i s  l e s s  th a n  10 n s .
The ty p e  LM206 com para to r  u n i t  was chosen f o r  i t s  h ig h  speed
o f  re sp o n se  and o u tp u t  c o m p a t ib i l i t y  w i th  th e  74 s e r i e s  o f  TTL e le m e n ts .
Appendix (A3) g iv e s  an approx im ate  a n a l y s i s  f o r  th e  tim e r e s p o n s e  o f
t h i s  u n i t  f o r  an in p u t  ramp o f  C v o l t s / s e c  a t  th e  ze ro  c r o s s in g  p o i n t .
I n  F ig  A 3.6  th e  c o r r e c t  zero  c ro s s in g  i s  shown a t  Q. The lo g i c
th r e s h o ld  v o l t a g e  f o r  th e  su bsequen t i n v e r t e r  g a te  i s  i n d i c a t e d .  I t
3i s  seen  t h a t  f o r  C = 1 .5  x 10 V/s (c o r re sp o n d in g  to  = 40mV) th e  tim e
d i f f e r e n c e  betw een Q and R i s  a p p ro x im a te ly  10ns. When i s  400mV,
3 #
C = 15 x 10 V /s ,  th e  tim e d i f f e r e n c e  i s  35ns. As V. i n c r e a s e s ,  th e  ’ m  ’
com para to r  u n i t  in p u t  approaches  a s te p  f u n c t i o n ,  and th e  t im e  d i f f e r e n c e  
rem ains a p p ro x im a te ly  th e  same.
From Appendix (A3) th e  tim e d e la y  b e f o r e  th e  com para to r  u n i t  
o u tp u t  b eg in s  to  change, f o r  a ramp i n p u t ,  i s  l e s s  th a n  8 n s .  Thus th e  
t o t a l  d e la y  between th e  in p u t  v o l t a g e  to  th e  p r e - a m p l i f i e r  c r o s s in g  ze ro  
and th e  o u tp u t  o f  th e  LM206 re a c h in g  th e  l o g i c a l  *1* th r e s h o ld  i s  
ap p ro x im a te ly  95ns. The maximum d e la y  in  th e  i n v e r t e r  g a te  and 
m onostab le  c i r c u i t  i s  45ns, y i e l d i n g  an o v e r a l l  d e la y  o f  140ns . Adding
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a f u r t h e r  60ns, to  acc o u n t f o r  th e  approx im ate  n a t u r e  o f  th e  a n a l y s i s ,  
g iv e s  an o v e r a l l  d e lay  tim e o f  200ns.
The maximum o f f s e t  c u r r e n t  and o f f s e t  v o l t a g e  d r i f t s  o f  th e
M 702A a m p l i f i e r  a r e  10nA/°C (2nA/°C) and 10^V/°C (2 .5 / jV/°C)
  >   .     . . . .
r e s p e c t i v e l y .  Supply v o l t a g e  r e j e c t i o n  r a t i o  i s  200/iV/V (75;uV/V).
O f f s e t  c u r r e n t  f lo w in g  in  th e  in p u t  r e s i s t o r  R c o n t r i b u t e s  to  a t o t a l
e q u iv a le n t  o f f s e t  v o l t a g e  o f  ±310/iV (± 66juV) a t  th e  ex trem es o f
te m p e ra tu re  and su p p ly  v o l t a g e .  From s e c t i o n s  7 . 2 . 2 ( i i i )  and 7 . 2 . 2 ( v i )
a maximum d i r e c t  v o l t a g e  o f  450/iV (± 270juV) can be p r e s e n t  a t  th e  o u tp u t
o f  th e  Y i n t e g r a t o r .  The t o t a l  e q u iv a le n t  o f f s e t  v o l t a g e  to  th e
com para to r  c i r c u i t  i s  t h e r e f o r e  ±760/iV ( ± 3 3 6 ^ )  . Now th e  minimum ze ro
c ro s s in g  p o in t  r a t e  o f  change o f  v o l t a g e  w i th  tim e i s  125 V/s (when
V^ = 40mV) which co rre sp o n d s  to  a r a t e  o f  change o f  v o l t a g e  w i th  an g le
o f  690>jiV/degree. The above t o t a l  o f f s e t  v o l t a g e  r e s u l t s  i n  an a n g u la r
e r r o r  o f  th e  f i r s t  t r i a l  p o in t  o f  a p p ro x im a te ly  1 . 1 ° ( 0 . 5 ° ) .  F or a n g le
com puta tions  from t h i s  t r i a l  p o i n t ,  th e  a n g u la r  e r r o r  i s  reduced  s in c e
V. = As = 150mV. At th e  f o u r th  t r i a l  p o i n t  in  th e  lo c u s ,  where the  m
low es t  v a lu e  o f  V ^  i s  ap p ro x im a te ly  4 As (=600mV) th e  a n g u la r  e r r o r  i s  
l e s s  th an  th e  an g le  c o u n te r s  p r e c i s i o n .
At th e  maximum in p u t  v o l t a g e  (7V p e a k ) , th e  o u tp u t  o f  th e
p r e - a m p l i f i e r  has  to  change a t  a r a t e  o f  0 .22\^is a t  th e  ze ro  c r o s s in g
p o i n t .  This re q u ire m e n t  i s  ach iev ed  w i th  th e  <uA702A w i th  th e  
com pensa tion  c i r c u i t s  shown. A te m p e ra tu re  c o n t r o l l e d  d i f f e r e n t i a l  
a m p l i f i e r  (jiA727B), a l th o u g h  c o n s id e r a b ly  more ex p en s iv e  th a n  th e  yiA702A 
would be i d e a l  f o r  i t s  bandw idth  and o f f s e t  c u r r e n t  and v o l t a g e  
c h a r a c t e r i s t i c s .  However i t s  s lew ing  r a t e  i s  n o t  quo ted  i n  d a t a  s h e e t s .  
P e r s i s t e n t  e n q u i r i e s  i n d i c a t e  t h a t  a v a lu e  b e t t e r  th a n  0 . IVf jis  i s  n o t  to  
be e x p e c te d .  A p o s s i b l e  s o l u t i o n  i s  to  use  b o th  a m p l i f i e r s  i n  cascad e  
w i th in  th e  feedback  lo o p .
The t o t a l  e f f e c t i v e  n o is e  r e f e r r e d  to  th e  in p u t  o f  th e
. . .  . 20p r e - a m p l i f i e r  i s  ap p ro x im a te ly  40/iV . Compared to  th e  o f f s e t  v o l t a g e s
t h a t  a r e  produced  t h i s  can be  n e g le c te d .
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C H A P T E R  8
TOTAL SYSTEM ERRORS AND MODIFICATIONS
8 .1  T o ta l  analogue  e r r o r s
T ab le  8 .1  g iv e s  a q u a n t i t a t i v e  l i s t i n g  o f  a l l  e r r o r s  o c c u r r in g  
in  th e  ana logue  s e c t i o n s  o f  th e  system  f o r  th e  te m p e ra tu re  range  10°C to  
30°C and supp ly  v o l t a g e  v a r i a t i o n  o f  ±1%. These e r r o r s  a r e  d iv id e d  i n t o  
fo u r  c a t a g o r i e s :
( i )  E r r o r s  t h a t  can be c o n s id e re d  as o f f s e t  v o l t a g e s
a t  th e  i n i t i a l  c o n d i t io n  in p u t s  to  th e  in v e r s e
r e s o l v e r ,
( i i )  E r r o r s  t h a t  r e s u l t  in  i n c o r r e c t  an g le  d e t e r m in a t io n ,  6 0 .
( i i i )  E r r o r s  t h a t  can be c o n s id e re d  as o c c u r r in g  i n  th e  sample
and h o ld  c i r c u i t s  S2X and S2Y,
( iv ) .  E r ro r s  o c c u r r in g  in  sample and h o ld  c i r c u i t s  SIX and
S.1Y, Vg l .
E r ro r  v a lu e s  in  th e  X and Y ch an n e ls  a r e  deno ted  by x and y 
r e s p e c t i v e l y .  Where a p p l i c a b l e ,  th e  l i s t i n g  g iv e s  maximum w o rs t  case  
v a lu e s  fo llo w ed  by t y p i c a l  v a lu e s  shown i n  b r a c k e t s .  I n  each case  th e  
v a lu e s  app ly  f o r  th e  te m p e ra tu re  range  and supp ly  v o l t a g e  v a r i a t i o n  g iv e n  
above. For each ty p e  o f  e r r o r ,  and r e s p e c t i v e  comment, r e f e r e n c e  i s  
made to  th e  r e l e v a n t  s e c t i o n s  o f  th e  t h e s i s .
The maximum t o t a l  w o rs t  c ase  and t y p i c a l  p o s i t i v e  and n e g a t iv e  
e r r o r  v a lu e s  a r e  g iv en  a t  th e  end o f  each column i n  Tab le  8 . 1 .  In  each
- 159 -
case  th e s e  a r e  o b ta in e d  by adding  a l l  p o s i t i v e  v a lu e s  in  a column 
assuming n e g a t iv e  v a lu e s  in  t h a t  column a r e  z e ro ,  and v ic e  v e r s a .
The o v e r a l l  w o rs t  c ase  when th e  e r r o r  v o l t a g e s  in  a l l  columns 
a re  d i r e c t l y  added g iv e s  e q u iv a le n t  v o l t a g e  e r r o r s  o f  4 9 .3mV (35.0mV) 
in  th e  Y channe l and 4 0 .8mV(27.5mV) in  th e  X c h a n n e l .  The q u a d ra tu r e  
sum o f  th e s e  v o l t a g e s  i s  64mV (4 4 .mV) which i s  g r e a t e r  th a n  th e  v a lu e  
a l l o c a t e d  in  s e c t i o n  6 .1 .
8 .2  M o d if ic a t io n s
One o f  th e  m ajor so u rces  o f  e r r o r  i n  each channe l i s  a m p l i f i e r  
g a in  e r r o r .  In  F ig  5 .2 ,  a m p l i f i e r s  a ^  and a £ a r e  used o n ly  once p e r  
b ran ch  o f  th e  lo c u s ,  t h a t  i s  when s e t t i n g  th e  o u tp u t  v o l t a g e s  o f  sample 
and h o ld  c i r c u i t s  S2X and S2Y to  th e  v o l t a g e  c o - o r d in a te s  o f  th e  s t a r t i n g  
p o le .  The removal o f  th e s e  a m p l i f i e r s  i s  to  be recommended, r e s u l t i n g  
in  th e  improved f i g u r e s  g iv en  in  T ab le  8 .2 .  The sam pling  tim e  ( 0 .1 s )  o f  
S2X and S2Y i s  so long  t h a t  th e  in c r e a s e  in  tim e c o n s ta n t ,  (due to  th e  
p o te n t io m e te r s  s o u rc e  r e s i s t a n c e  p lu s  ana logue  sw itc h  r e s i s t a n c e )  can be 
ig n o re d .  The r e t e n t i o n  o f  th e  ana logue  sw i tc h e s  a t  th e  in p u t s  o f  S2X 
and S2Y i s  a d v i s e d .  D i r e c t  c o n n e c t io n  o f  th e  in p u t  m u l t i p l e x e r s  to  th e  
sample and h o ld  c i r c u i t s  w i l l  r e s u l t  i n  in c r e a s e d  d r i f t  due to  le a k a g e  
c u r r e n t .
A c o n s id e r a b le  improvement r e s u l t s  from i n s e r t i n g  v a r i a b l e  
r e s i s t o r s  ?x 2 » ^ y2 as  s ^ own *-n F ig  5 . 2 .  In  th e  X c h a n n e l ,  P ^  *-s used 
to  e q u a l i s e  th e  g a in s  from th e  o u tp u t  o f  S2X and th e  in p u t  o f  a ^  to  
th e  o u tp u t  o f  ax 4 » S im i la r ly  P £ i-s employed to  e q u a l i s e  th e  g a in s  o f  
th e  r e s p e c t iv e  c i r c u i t s  i n  th e  Y channel. I t  i s  n o te d  t h a t  t h i s  g a in  
a d ju s tm e n t  i s  n o t  so e f f e c t i v e  in  th e  o v e r a l l  Y channe l due to  th e  
i n c lu s io n  o f  a m p l i f i e r s  a  ^ and a^g when double  p o le s  a r e  s e t  up .
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The r e s u l t s  from t h i s  m o d i f i c a t io n ,  in c lu d in g  th e  removal o f  a m p l i f i e r s  a ^
ax 2 an<* ay2» a r e  si-ven T ab le  8 .2 .
A f i n a l  m o d i f i c a t io n  in c o rp o r a te d  i n  th e  in s t ru m e n t  i s  th e  
i n c lu s io n  o f  v a r i a b l e  r e s i s t o r s  shown in  F ig  5 . 2 .  These a r e
a d ju s t e d  to  g iv e  u n i t y  g a in  from th e  in p u t  o f  SIX (S1Y) to  th e  in p u t  o f
S2X (S2Y), th e  in p u t s  from th e  r e s o l v e r  b e in g  d is c o n n e c te d  and connec ted  
to  ground . The r e s u l t a n t  o v e r a l l  channe l e r r o r s  a r e  g iv en  in  T ab le  8 . 2 .
The phase  e r r o r  a p e r t u r e ,  x ,  chosen in  s e c t i o n  6 .1  i s  ± 1 .1 5 ° .
From s e c t i o n  5 . 4 . 2 ,  th e  a n g u la r  a cc u racy  o f  th e  in s t ru m e n t  i s  ± (x  + k) 
where k i s  th e  c o u n te r  e r r o r  and e q u a ls  ± 0 .5 4 .  From T ab le  8 .2 ,  th e  ' 
maximum a n g u la r  e r r o r  c o n t r i b u te d  by th e  ana logue  s e c t i o n s  o f  th e  
system  i s  e s t im a te d  to  be ± 0 .2 5 °  a t  any p o in t  i n  th e  lo c u s .  Summing 
th e s e  e r r o r s ,  th e  o v e r a l l  maximum in s t ru m e n t  a n g u la r  e r r o r  i s  l e s s  th a n  
2 ° .
The r e d u c t io n  o f  e r r o r s  due to  th e  m o d i f ic a t io n s  d i s c u s s e d  
above s u g g e s t  an a d ju s tm e n t  o f  th e  e a r l i e r  s p e c i f i c a t i o n .  R e ta in in g  th e  
o r i g i n a l  v a lu e  f o r  As(=150mV), and n o t in g  t h a t  th e  w o rs t  c a se  t o t a l  sum 
o f  e r r o r  v o l t a g e s  eQ i s  rough ly  30mV, th e  v a lu e  o f  E(=eQ/  As) i s  0 . 2 .
From F ig  5 .1 1 ,  a s u i t a b l e  v a lu e  o f  phase  e r r o r  a p e r t u r e  i s  ± 0 .8 1 ° .  The 
o v e r a l l  a n g u la r  e r r o r  o f  th e  in s t ru m e n t  red u ces  t o  ± 1 .6 ° .
In  Table  8 .2  th e  v a lu e s  f o r  e a r e  d e r iv e d  from w o rs t  c aseo
maximum and t y p i c a l  v a lu e s  a t  th e  ex trem es o f  te m p e ra tu re  and power 
su p p ly  v a r i a t i o n .  In  each column a l l  e r r o r s  have been added assum ing 
no c a n c e l l a t i o n  o c c u r s .  This  i s  a v e ry  p e s s i m i s t i c  c a s e .  The s e a r c h  
v e c t o r  m agnitude As was made v a r i a b l e  o v e r  a ran g e  o f  50mV to  200mV by 
means o f  a f r o n t  p a n e l  p o te n t io m e te r .  At th e  te m p e ra tu re  a t  which th e  _ 
in s t r u m e n t ’ s a m p l i f i e r s  have been b a la n c e d ,  s a t i s f a c t o r y  o p e r a t i o n  sh o u ld
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be a c h ie v a b le  a t  th e  low er v a lu e .  At th e  l i m i t s  o f  th e  te m p e ra tu re  
and power supp ly  ranges  th e  system  shou ld  work s u c c e s s f u l l y  f o r  a 
v a lu e  o f  As l e s s  than  150mV.
8 .3  Design o f  lo g i c  netw orks  1 and 4 (see  F ig  5 .8 )
Having e s t a b l i s h e d  th e  a l lo w a b le  phase  e r r o r  a p e r t u r e ,  th e  
l o g i c  netw orks  f o r  F ig  5 .8  can be d e s ig n e d .  An a p e r t u r e  o f  ±0 .81°
co rre sp o n d s  to  a coun t o f  ±9 d i g i t s .  The c o r re sp o n d in g  t r u t h  t a b l e s
f o r  lo g i c  netw orks 1 and 4 a r e  g iv en  on page 170. For a phase  e r r o r  
between -1  and -9  d i g i t s ,  th e  o u tp u t  o f  lo g i c  netw ork  1 , must
be a t  l o g i c a l  ’O’ . For a phase  e r r o r  between 0 and +9 d i g i t s ,  t h e  
o u tp u t  o f  lo g i c  ne tw ork  4, Z 4 , must be a t  l o g i c a l  *1*. The 
fo l lo w in g  Boolean e x p re s s io n s  a r e  o b t a i n e d : -
Z . = D + C B An l  o 0 0 0
Z . = T C  + D Bn4 0 0  0 0
The r e s u l t i n g  log ic -n e tw o rk ,  d iagram s a r e  shown i n  F ig  8 . 1 .
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Truth tables for logic networks 1 and 4,
A ll  o th e r  d i g i t s  L e a s t  s i g n i f i c a n t
(C ounte r  3) d i g i t s  (C ounte r  3)
Do c 0 Bo Ao
-16  1 0 0 0 0
-15  1 0 0 0 1
-14  1 . 0 0 '1 0
-1 3  1 0 0 1 1
-12  1 0 1 0 0
-11  1 0 1 0 1
-1 0  1 0 1 1 0
-9  1 0 1 1 1 0
- 8  1 0 0 0 0
-7  1 0 0 1 0
-6  1 0 1 0 0
-5  1 0 1 1 0
-4  1 1 1 0 0 0
- 3  1 1 0 1 0
-2  1 1 1 0 0
-1  1 1 1 1 0
0 0 0 0 0 0
+1 . 0 0 0 0 1
+2 0 o 0 1 0
+3 0 0 0 1 1
+4 0 0 1 0 0
+5 0 0 1 0 1
+6 0 0 1 1 0
+7 0 o 1 1 1
+8 0 1 0 0 0
+9 0 0 0 1
+10 0 1 0 1 0 0
+11 0 1 0 1 1 0
+12 o 1 0 0 0
+13 0 1 1 0 1 0
+14 0 1 1 0 0
+15 0 1 1 1 0
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NAND NAND
Logic Network
Do
NAND
Co
NAND
Bo
Logic Network _4_
Fig  8 .1  Logic diagrams f o r  ne tw orks 1 and 4 .
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C H A P T E R  9
COMMISSIONING AND RESULTS.
9 .1  S e t t i n g  up p ro ced u re
Below a r e  g iven  th e  p ro ced u re s  to  be c a r r i e d  o u t  i n  o r d e r  
to  p u t  th e  c o n s t r u c t e d  in s t ru m e n t  i n t o  o p e r a t i o n .  S ince  s i g n a l  
t r a n s m is s io n  in  some c i r c u i t s  o ccu rs  on ly  a t  s p e c i f i c  t im es  in  th e  
com pu ta tion ,  i t  i s  n e c e s s a ry  to  s e t  some o f  th e  ana logue  s w i tc h e s  
to  a perm anen tly  c lo s e d  s t a t e .  S e v e ra l  d i s c o n n e c t io n s  have to  be 
made and a co n n e c t in g  l i n k  sh o u ld  be f i t t e d  a t  th e  r e q u i s i t e  p o in t  
in  th e  c i r c u i t  i n  any commercial m achine. These c o n n e c t in g  l i n k s  
a r e  i n d i c a t e d  in  th e  c i r c u i t  d iagram s by c ro s s e d  c i r c l e s :  —££—  ,
9 .1 .1  A m p li f ie r  o u tp u t  ze ro  s e t t i n g .
( i )  D isco n n ec t  th e  c o n t r o l  l o g i c  feedback  p a th s  Gq , and Q1 
(F ig  5 .3 )  and a l s o  th e  r e c i r c u l a t i o n  p u l s e  l i n e .
( i i )  D isco n n ec t  th e  o u tp u t  l i n e s  o f  m onostab le  MS4 and MS8
( p o in t  V) and connec t th e s e  l i n e s  to  l o g i c a l  *1*, i . e .  +5V.
( i i i )  D isco n n ec t  in p u t s  X* and Y* o f  a m p l i f i e r s  a ^  and a^,.
(F ig  5 ,2 )  r e s p e c t i v e l y  from th e  r e s o l v e r  c i r c u i t .
■ t
Connect th e s e  in p u t s  to  s ig n a l  g round .
( iv )  S e t up th e  f r o n t  p a n e l  sw i tc h e s  f o r  a p a i r  o f  complex 
p o l e s .  This  con n ec ts  th e  f i r s t  p o te n t io m e te r  w ip e r  t o ' 
th e  j u n c t i o n  o f  sw i tc h e s  Alx and Blx (F ig  5 .2 )  and th e  
second p o te n t io m e te r  w iper  to  th e  j u n c t i o n  o f  Aly and B ly .
(v) S et th e  f i r s t  two in p u t  p o te n t io m e te r s  to  a d i a l  r e a d in g  
o f  0 .1 5 .
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( v i )  S e t th e  p o te n tio m ete rs*  sup p ly  v o l t a g e  to  z e ro ,
( v i i )  Sw itch  on, and a f t e r  a l lo w in g  f i f t e e n  m inu tes  as a warming- 
up p e r io d  o p e r a t e  th e  s t a r t  b u t t o n .  T h is  s e t s  th e  A1 
o u tp u t  d e r iv e d  from s h i f t  r e g i s t e r  SRA (F ig  5 .3 )  to  th e  
l o g i c a l  *1* s t a t e .  SRB i s  n o n - o p e r a t iv e  s in c e  t h e  in p u t  
o f  MS5 i s  connec ted  to  l o g i c a l  " I " . '  There i s  now a 
t r a n s m is s io n  p a th  v i a  a ^ *  S2X, a ^  and th e  c o r re s p o n d ­
ing  e lem ents  in  th e  Y c h a n n e l .
( v i i i )  In  th e  X channe l a d j u s t  a m p l i f i e r  o u tp u t s  to  ze ro  v o l t s  i n  
th e  o rd e r  s t a t e d  above.
( ix )  R epeat th e  p ro c e d u re  f o r  th e  r e s p e c t i v e  c i r c u i t  e lem en ts  i n  
th e  Y c h a n n e l .
(x) D isconnec t  th e  j u n c t i o n  o f  SIX and a ^  from S2X (F ig  5 .3 )  
and connec t t h i s  j u n c t i o n  to  s i g n a l  g round .
( x i )  Connect th e  in p u t  o f  MS5 to  th e  o u tp u t  o f  MS4 and co n n ec t  
th e  rem ain ing  o u tp u t s  o f  MS4 to  l o g i c a l  *0*.
( x i i )  O pera te  th e  s t a r t  b u t t o n .  T h is  s e t s  th e  Bl o u tp u t  o f  SRB 
to  l o g i c a l  ’ 1*, th u s  c lo s in g  analogue  sw itch es  Blx and B ly .  
Alx and Aly a r e  open .
( x i i i )  A d ju s t  f o r  ze ro  o u tp u t  v o l t a g e  th e  rem ain ing  a m p l i f i e r s  
(ex ce p t a ^  and &yg) in  th e  fo l lo w in g  o r d e r :
ax V  ax3* ax4» ayl»  ay3* ay 4 ’ X i n t e Sr a t o r > Y i n t e g r a t o r ,  
s ig n  i n v e r t e r  and p r e - a m p l i f i e r .  The com para to r  (LM206)
i s  a d ju s t e d  to  be j u s t  a t  th e  l o g i c a l  *1* l e v e l .
Zero s e t t i n g  o f  a m p l i f i e r s  a^ and a_g .
The c i r c u i t  co n n ec t io n s  g iven  above a r e  r e t a i n e d .
( i )  D isco n n ec t  th e  n o rm ally  grounded P r e s e t  B2* in p u t  o f  
s h i f t  r e g i s t e r  SRB and co n n ec t  to  l o g i c a l  * l f .
- 173 -
( i i )  O pera te  th e  s to p  b u t t o n .  Only ana logue  sw itch  AB1 i s
now c lo s e d ,  co n n e c t in g  a m p l i f i e r  a ^  to  th e  w ip e r  o f  th e  
second p o te n t io m e te r ,
( i i i )  A d ju s t  th e  o u tp u t  o f  a y t o  z e ro  v o l t s .
( iv )  A d ju s t  th e  o u tp u t  o f  a^g to  ze ro  v o l t s .
(v) R e-connec t th e  ’P r e s e t  B2* in p u t  o f  SRB to  g round .
9 .1 .2  Gain s e t t i n g  p ro c e d u re .
The c i r c u i t  c o n n e c t io n s  o f  s e c t i o n  9 .1 .1  a r e  r e t a i n e d .
( i )  C o n n e c t . th e  grounded input, o f  a m p l i f i e r  a ^ to  th e  i n p u t  
o f  a m p l i f i e r  ax ^ ( F i g 5 .2 ) .  R e-connec t a l l  o u tp u t s  o f  MS4
( i i )  R e s to re  th e  i n p u t  p o t e n t io m e te r s ’ , su p p ly  v o l t a g e ,  and s e t  
th e  f i r s t  p o te n t io m e te r  to  a known v o l t a g e .
( i i i )  O pera te  th e  s t a r t  b u t to n  and a d j u s t  v a r i a b l e  r e s i s t o r  Px2
u n t i l  th e  o u tp u t  o f  a ^ i s  z e r o .
( iv )  A d ju s t  v a r i a b l e  r e s i s t o r  P  ^ f o r  u n i t y  g a in  from th e  in p u t
o f  SIX to  th e  o u tp u t  o f  ax g .
(v) Repeat th e  above p ro ced u re s  f o r  th e  r e s p e c t i v e  e lem en ts  i n
th e  Y c h a n n e l ,  w ith  th e  known v o l t a g e  b e in g  s e t  up on th e  
second in p u t  p o te n t io m e te r .
( v i )  R e-connec t a l l  b roken  l i n k s  in  th e  system  w ith  th e  e x c e p t io n
o f  th e  c o n t ro l  l o g i c  feedback  p a t h s ,  i . e .  Gq , and and 
th e  r e c i r c u l a t i o n  p u ls e  l i n e .
9 .1 .3  C a n c e l l a t io n  o f  c a p a c i t iv e ,  fe e d th ro u g h  v o l t a g e s  i n  th e  i n v e r s e  
r e s o l v e r  and r e s o l v e r
For t h i s  a d ju s tm en t  a t e s t  c i r c u i t  i s  r e q u i r e d  c o n s i s t i n g  
o f  a s i x  s t a g e  s h i f t  r e g i s t e r  (SRT) and one NAND g a te  ( s e e  F ig  9 . 1 ) .
The s h i f t  l i n e  o f  SRT i s  co nnec ted  to  a p u l s e  g e n e r a to r  s e t  to  a
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f req u en cy  o f  ap p ro x im a te ly  100Hz. The f i r s t  s t a g e  o f  SRT can be s e t  
to  l o g i c a l ’ l 1 by means o f  th e  s w i tc h  shown.
( i )  D isco n n ec t  l i n e  V from th e  o u tp u t  o f  MSS and co n n ec t  
i n s t e a d  to  th e  f i r s t  s t a g e  o f  SRT.
( i i )  D isco n n ec t  l i n e s  T and U (F ig  5 .5 )  from th e  o u tp u t s  o f
MSI1 and g a te  25 r e s p e c t i v e l y .  Connect th e s e  l i n e s  to  
th e  p o in t s  shown in  F ig  9 .1 .
( i i i )  D isco n n ec t  th e  X and Y in p u t s  o f  th e  in v e r s e  r e s o l v e r
(F ig 5 .2 )  from a m p l i f i e r s  a ^  and Connect th e s e
in p u t s  to  g round .
( iv )  Connect th e  As in p u t  o f  th e  Y i n t e g r a t o r  to  g round .
(v) S e t  th e  f i r s t  s t a g e  o f  SRT to  l o g i c a l  *1* and sw itc h  on
th e  p u ls e  g e n e r a to r .  This s e t s  th e  in v e r s e  r e s o l v e r  
s u c c e s s iv e l y  to  th e  i n i t i a l  c o n d i t i o n ,  compute and h o ld  
modes. These a r e  fo llow ed  by th e  same modes f o r  th e  
r e s o l v e r .  Viewed on a d . c .  coupled  o s c i l l o s c o p e  th e  
o u tp u ts  o f  th e  X o r  Y i n t e g r a t o r s  w i l l  ap p ea r  as  i n  F ig  9 .2 .  
For th e  i n v e r s e  r e s o l v e r  th e  two p o te n t io m e te r s  i n  th e  g a te  
d r iv in g  c i r c u i t  o f  in p u t  V (F ig  7 .6 )  a r e  a d ju s t e d  u n t i l  th e  
o u tp u ts  o f  th e  X and Y i n t e g r a t o r s  a r e  as sm a l l  as p o s s i b l e  
in  th e  compute p h a s e .  The ad ju s tm en t  i s  c a r r i e d  o u t  as 
f o l l o w s :
(v i )  A d ju s t  th e  p o te n t io m e te r  t h a t  i s  coup led  to  R u n t i l  th e  
o u tp u t  o f  th e  X i n t e g r a t o r  (viexved on th e  o s c i l l o s c o p e )  i s  
ze ro  a t  th e  s t a r t  o f  th e  compute p h a s e , i . e .  vthe x^aveform 
appea rs  s i n u s o i d a l  in  n a t u r e .  T h is  means t h a t  a l l  th e  
o f f s e t  v o l t a g e  i s  be ing  g e n e ra te d  in  th e  Y i n t e g r a t o r .
( v i i )  T r a n s f e r  th e  o s c i l l o s c o p e  to  th e  o u tp u t  o f  th e  Y i n t e g r a t o r .
( v i i i )  A d ju s t  th e  p o te n t io m e te r ,  t h a t  i s  coup led  to  S , u n t i l  th e  
o u tp u t  o:f th e  Y i n t e g r a t o r  i s  z e r o ' a t  th e  s t a r t  o f  . th e
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I n v e r s e  R e s o l v e r  
I « C .  [ c o m p u t e  j H o l d
■ R e s o l v e r
G c m p u te  | H o l dI . C
S h i f t  L i n eS e t
f i r s t
s t a g e P u l s e
G e n e r a t o r
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Invejrse  R e s o l v e r •TR e  s o l v e  r e ­
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compute phase*
( ix )  I n c r e a s e  th e  CRO s e n s i t i v i t y  and r e p e a t  ( v i i )  and ( v i i i )
u n t i l  th e  i n t e g r a t o r  o u tp u ts  a r e  as  sm all  as p o s s i b l e .
(x) Carry, o u t  th e  same p ro ced u re  f o r  th e  r e s o l v e r ,  em ploying
th e  p o te n t io m e te r s  in  th e  g a te  d r iv in g  c i r c u i t  co n n ec ted  
to  l i n e  U.
( x i )  I f  n e c e s s a ry  r e p e a t  a l l  th e  above s te p s  u n t i l  th e  r e s i d u a l  
waveforms in  th e  compute phases  a r e  as  sm all  as p o s s ib le *
In  p r a c t i c e  a r e s i d u s l  am p li tu d e  o f  l e s s  th a n  O.lmV p e a k -  
to -p e a k  i s  r e a d i l y  a c h ie v e d .
( x i i )  Remove th e  t e s t  c i r c u i t  and r e - c o n n e c t  a l l  b roken  l i n k s  i n  
th e  system , in c lu d in g  th e  lo g i c  feedback  p a th s  G , Q^, Q*. 
The in s t ru m e n t  i s  now o p e r a t i o n a l .
9 .1 .4  A djustm ent o f  i n t e r n a l  c lo c k  g e n e r a to r  f req u en cy  (2.048MHz).
( i )  S e t  up th e  f r o n t  p a n e l  sw i tc h e s  and th e  f i r s t  in p u t  
p o te n t io m e te r  f o r  a s i n g l e  p o le  a t  th e  o r i g i n .
( i i )  Connect th e  CRO X and Y in p u ts  to  th e  r e s p e c t i v e  in s t ru m e n t  
o u tp u t s ,  i . e .  t h e  o u tp u ts  o f  sample and h o ld  c i r c u i t s  SIX 
and S1Y r e s p e c t i v e l y .
( i i i )  O pera te  th e  s t a r t  b u t t o n .  The in s t ru m e n t  shou ld  p l o t  a 
l i n e .
( iv )  A d ju s t  th e  c lo ck  g e n e r a to r  trim m er c a p a c i t o r  ( s e e  F ig  5 .1 3 )  
u n t i l  th e  l i n e  i s  h o r i z o n t a l ,  i n c r e a s in g  th e  CRO ’Y1 
d e f l e c t i o n  s e n s i t i v i t y  as r e q u i r e d .
(v) The in s t ru m e n t  i s  now c o r r e c t l y  a d ju s t e d  f o r  p l o t t i n g  180° 
l o c i .
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9.2 Results.
At room te m p e ra tu re  (22°C) th e  d r i f t  in  th e  sample and h o ld  
c i r c u i t s  was m easured and found to  be :
Measured d r i f t  C a lc u la te d  d r i f t  a t  30°C
S2X 0.9pV in  30ms 224/aV(44juV) i n  30ms
S2Y 1.7pV in  30ms n  »r
SIX l.OpV in  30ms 23pV( 5juV) i n  30ms
S1Y 0.2pV in  30ms n , t
A f t e r  a l lo w in g  f o r  th e  in c re a s e d  d r i f t  a t  30°C, th e  r e s u l t s
o b ta in e d  a r e  w e l l  w i th in  th e  c a l c u l a t e d  t y p i c a l  v a l u e s .  The l a r g e r  
v a lu e  o f  d r i f t  i n  sample and h o ld  c i r c u i t  SIX, compared to  S1Y, i s  
due to  th e  a m p l i f i e r  employed hav ing  a h ig h  in p u t  c u r r e n t .
N e v e r th e le s s  t h i s  in p u t  c u r r e n t  i s  j u s t  w i th in  th e  maximum v a lu e  quo ted  
by th e  m a n u fa c tu re r  (20pA a t  25°C ).
C a p a c i t iv e  feed th ro u g h  o f  th e  g a te  d r iv i n g  s ig n a l  r e s u l t e d  
in  an o f f s e t  v o l t a g e  l e s s  th a n  lmV in  S2X and S2Y, and n o t  g r e a t e r  
than  O.lmV in  SIX and S1Y.
The d r i f t  in  th e  r e s o l v e r  c i r c u i t  i n  th e  h o ld  mode was 
found to  be 7mV. Allow ing f o r  th e  i n c r e a s e  i n  t h i s  v a lu e  a t  30°C, 
th e  r e s u l t  o b ta in e d  i s  w e l l  w i th in  th e  e s t im a te d  v a lu e  (20pV) g iv en  
in  s e c t i o n  7 . 3 . 3 .  C a p a c i t iv e  fe e d th ro u g h  o f  th e  g a te  d r iv i n g  
s ig n a l  a t  th e  end o f  th e  compute mode r e s u l t e d  in  o f f s e t  v o l t a g e s  
o f  l.lm V  and 1.2mV a t  th e  o u tp u ts  o f  th e  X and Y i n t e g r a t o r s  
r e s p e c t i v e l y .
The s w i tc h in g  t im es  o f  th e  MOSTs and t h e i r  a s s o c i a t e d  g a t e  
d r iv in g  c i r c u i t s  w ere ,  in  th e  m ain , w i th i n  th e  c a l c u l a t e d  v a lu e s  g iv e n
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in  s e c t i o n  7 .5 .  For th e  w o rs t  measured c a s e ,  th e  r e s u l t s  were as 
fo l lo w s :
C lo s in g  tim e o f  s e r i e s  ana logue  sx^itch 
Opening tim e o f  sh u n t ana logue  sw itc h  
Opening tim e o f  s e r i e s  analogue  sw itc h  
C lo s in g  tim e o f  sh u n t  ana logue  sw itch
Measured v a lu e
55ns
120ns
180ns
220ns
Calculated value
65ns(105ns)  
115ns(155ns) 
200ns(240ns) 
224ns(264ns)
The v a lu e s  shown in  b r a c k e ts  a r e  th e  v a lu e s  r e s u l t i n g  from 
th e  a d d i t i o n  o f  a f u r t h e r  40ns as  recommended in  s e c t i o n  7 .6 .  Thus 
i t  i s  r e a s o n a b le  to  assume t h a t  o v e r  th e  range  o f  p ro d u c t io n  sp re a d  
o f  th e  t r a n s i s t o r s  and MOSTs, s w i tc h in g  tim es w i l l  be w i th i n  th e s e  
v a l u e s .  The s w i tc h in g  tim es o f  th e  MOSTs were w i th i n  th e  maximum 
v a lu e s  e s t im a te d  by th e  m a n u fa c tu re rs (m e asu re d  tu rn -o n  tim e  = 15ns, 
measured t u r n - o f f  t im e  = 4 0 n s ) .
In  th e  com para to r  c i r c u i t  p a r t i c u l a r  a t t e n t i o n  has  to  be 
g iven  to  e n s u r in g  c o r r e c t  e a r t h in g  and power supp ly  d e c o u p l in g  o f  
th e  p r e - a m p l i f i e r  in  o rd e r  to  p r e v e n t  i n s t a b i l i t y .  The t o t a l  d e la y  
time between th e  i n p u t  o f  th e  p r e - a m p l i f i e r  and th e  o u tp u t  o f  th e  
m o n o s ta b le ,  f o r  a sq u are  wave in p u t  o f  200mV p e a k - to -p e a k  a m p l i tu d e  
was 120ns. .T h is  i s  w i th in  th e  c a l c u l a t e d  v a lu e (1 4 0 n s)  g iven  in  s e c t i o n  
7 .6 ,  and w e l l  w i th in  th e  recommended v a lu e  o f  200ns t h a t  a l low ed  f o r  
th e  approx im ate  n a t u r e  o f  th e  a n a l y s i s  u s e d .
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l o c i  d is p la y e d  on. m e  ca tn o ae  ray  o s c i l l o s c o p e
P l a t e  1 to  P l a t e  18 show CRO d i s p l a y s  o f  v a r io u s  r o o t  l o c i  
o b ta in e d  w i th  th e  c o n s t r u c t e d  in s t r u m e n t .  The v a lu e s  g iv e n ’ in  .the 
t r a n s f e r  f u n c t io n s  a r e  r e a d in g s  from th e  i n p u t  p o te n t io m e te r s  
c a l i b r a t i o n  d i a l s .  For a l l  l o c i  shown th e  s e a r c h  v e c t o r  m agnitude 
was l e s s  th a n  lOOmV. The phase  e r r o r  a p e r t u r e  was s e t  to  ± 0 .8 ° .
When a lo c u s  has a pronounced change in  d i r e c t i o n  i n  any 
o f  i t s  b ran ch e s  more i t e r a t i o n s  a r e  ta k en  by th e  system  i n  s e a r c h in g  
f o r  th e  new d i r e c t i o n .  This  i s  shown up on th e  CRO by an i n c r e a s e  
in  th e  s p o t  b r i g h t n e s s .
*
P l a t e  1 shows th e  lo c u s  o f  a p o le  a t  th e  o r i g i n .  The 
v e r t i c a l  l i n e  r e p r e s e n t s  th e  y a x i s .
In  P l a t e  2 th e  v e r t i c a l  l i n e  i s  th e  lo c u s  o f  a doub le  p o le  
a t  th e  o r i g i n .  For t h i s  case  i t * i s  n e c e s s a r y  to  s e p a r a t e  th e  two 
p o le s  by an amount g r e a t e r  than  th e  d i s c r i m i n a t o r  g a te  G t h r e s h o l d .
The double  p o le  i s  s e t  up as a complex p a i r ,  hav in g  x and y 
p o te n t io m e te r s  s e t  to  d i a l  r e a d in g s  o f  ze ro  and 0 .01  r e s p e c t i v e l y .
The CRO d e f l e c t i o n  s e n s i t i v i t y  f o r  t h i s  lo c u s  i s  2 v/cm.
By a d j u s t i n g  th e  c lo c k  g e n e r a to r  f requency  such  t h a t  f o r  
a s i n g l e  p o le  a t  th e  o r i g i n  th e  l i n e  p l o t t e d  l i e s  a t  an a n g le  s l i g h t l y  
g r e a t e r  th a n  180° (say  1 8 0 .5 ° ) ,  b re a k  p o in t s  o c c u r r in g  in  l o c i  can 
be d e t e c t e d .  This  i s  shown in  P l a t e  3 where th e  r o o t  lo c u s  o f  two 
s i n g l e  p o le s  on th e  r e a l  a x i s  has been o b ta in e d .
P l a t e  4 shows th e  expec ted  lo c u s  f o r  a t r i p l e  p o le  on th e  
r e a l  a x is j :  a t  th e  p o i n t  x » - 0 .1 5 .  As w i th  double  p o le s  t h e s e  have 
been s e p a ra te d  by a d i a l  re a d in g  o f  0 .0 1 .  P l a t e  5 shows th e  e f f e c t  
o f  moving one o f  th e  p o le s  to  th e  p o i n t  x = - 0 . 5 .  P l a t e  6 shows how
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a ze ro  can be  employed to  b r in g  th e  lo c u s  away from th e  u n s t a b l e  
r i g h t  hand h a l f  o f  th e  s - p l a n e .
P l a t e s  7, 8 and 9 show th e  e f f e c t  o f  moving th e  r e l a t i v e  
p o le  p o s i t i o n s  i n  a  system  hav ing  a complex p a i r  o f  p o le s  and a 
s i n g l e  p o le  i n  i t s  t r a n s f e r  f u n c t i o n .  P l a t e  8 shows th e  lo c u s  used  
as an example i n  C hap te rs  3 and 4 .
P l a t e  10 shows th e  p l o t  o f  a system  w ith  a p a r t i c u l a r l y  
d i f f i c u l t  b r e a k p o in t ,  th e  t r u e  lo c u s  b e in g  shown in  th e  i n s e t .
P l a t e  11 i s  th e  r o o t  lo cu s  f o r  a system  hav ing  a doub le
p o le  and two s i n g l e  p o le s  on th e  r e a l  a x i s  in  i t s  t r a n s f e r  f u n c t i o n .
The i n t r o d u c t i o n  o f  a z e ro  ( a t  x = - 0 .7 )  changes th e  shape o f  th e  
lo cu s  to  t h a t  shown in  P l a t e  12,
P l a t e s  11 and 13 i l l u s t r a t e  th e  e f f e c t  of add ing  a p a i r  o f  
complex z e ro e s  to  a sy s tem . The b ran ch e s  o f  th e  locus  a s s o c i a t e d  
w ith  th e  doub le  p o le  a r e  r a d i c a l l y  in f lu e n c e d  by th e  p re se n c e  o f  th e  
z e r o e s • x
P l a t e s  14 and 15 show th e  e f f e c t  o f  moving th e  p o s i t i o n  o f  
one p a i r  o f  p o l e s .  The marked changes which r e s u l t  i l l u s t r a t e  th e  
d i f f i c u l t i e s  which may be  encoun te red  i n  a t te m p t in g  to  " s k e tc h "  a l o c u s .
The l o c i  g iven  i n  P l a t e  15 th rough  to  P l a t e  18 have th e  same
denom inator in  t h e i r  t r a n s f e r  f u n c t i o n s .  The e f f e c t  o f  add ing  p a i r ( s )  
o f  complex z e ro e s  to  th e  system  d e p ic te d  by P l a t e  15 i s  c l e a r l y  shown.
In  P l a t e  18 th e  f u l l  c a p a b i l i t y  o f  th e  c o n s t r u c t e d  in s t ru m e n t  i s  b e in g  
e x p l o i t e d ,  i . e .  s i x  p o le s  and fo u r  z e r o e s .
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PLATE 1
F (s )  - I
PLATE 2
F(s )  - i j
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PLATE 3
F (s )  = s ( s  + 0 .5 )
■II
I
PLATE 4
F (s) =
(s + 0 .1 5 )
PLATE 5
F ( s ) ------------------------------------ p
(s + 0 . 5 ) (s + 0 .1 5 )
PLATE 6
F(s) = (s + 0 .3 )
(s + 0 , 5 ) (s + 0 .1 5 )
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PLATE 7
” r  2 2-t(s + 0 .6 )  [ (s  + 0 .6 )  + 0 .8  J
PLATE 8
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PLATE 9
F ( s )  =
s tjCs + 0 .5 )
PLATE 10
F(s) = s + 0
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+ 0 .3 3 2]
• m
PLATE 11
F (s )   ------------------2“ ^--------------------------
(s + 0 .1 5 )  (s + 0 . 3 ) (s + 0 .5 )
PLATE 12
F(s) =
 (s + 0 .7 )__________
(s + 0 . 1 5 ) 2 (s + 0 .3 )  (s + 0 .5 )
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PLATE 13
F ( s )  C (S  -I- 0 . 5)2 +  0 . 52j
s 2 (s + 0 . 3 ) ( s  + 0 .45)
PLATE 14
F(s ) -  ___  t_____________________
2 (s + 0 . 3 ) (s + 0 .45 )  [(s  + 0 . 6 ) 2 + 0 . 3 2)
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s
PLATE 15
PLATE 16
F(s) =
Q s + O . l ) 2 + 0 .2^ )  
s 2 (s + 0 .3 )  (s + 0 .4 5 )  [ (^s + 0 . 4 ) 2 + 0 . 3 j
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PLATE 17
F (s )  =
[ ( s  + 0 . 8 ) 2 + 0 . 7 2] 
s 2 (s  + 0 .3 )  (s  + 0 .4 5 )  ( i s  + 0 . 4 ) 2 + 0 . 3 2)
F(s )  =
PLATE 18
( i s  + 0 , 8 ) 2 + 0 .7 ^ )  [ ( s  + 0 . 5 ) 2 + 0 . 8 2] 
s 2 (s + 0 .3 )  (s + 0 . 4 5 ) [ ( s  + 0 . 4 ) 2 + 0 . 3 2]
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9.4 The effects of finite phase error aperture
P l a t e  1 appea rs  to  show an a lm ost p e r f e c t  t r a c e .  However 
i f  th e  y g a in  o f  th e  CRO i s  in c re a s e d ,  th e  p l o t  which r e s u l t s  i s  
shown in  P l a t e  19. The phase  e r r o r  a p e r t u r e  s e t  by th e  p hase  e r r o r  
com parison c i r c u i t  ( s e c t i o n  5 .2 .7 )  i s  i n d i c a t e d ,  and i t  i s  seen  t h a t  
th e  lo c u s  i s  ly i n g  w i th in  a phase  e r r o r  band b e t t e r  th a n  ± 0 .2 ° .
This r e s u l t  i s  to  be ex p ec ted  s in c e  th e  phase  e r r o r  a t  any p o i n t ,  
even i f  i t  i s  l e s s  th a n  th e  phase  e r r o r  a p e r t u r e  (e) i s  s t i l l  added 
to  th e  c o n te n ts  o f  c o u n te r  1 and m o d if ie s  th e  head ing  o f  th e  n e x t  
t r i a l  p o i n t .  The p ro c e s s  i s  shown in  more d e t a i l  i n  F ig  9 .3 ,  inhere 
an ex a g g e ra te d  p h ase  e r r o r  a p e r tu r e  i s  shown (± 2 0 ° ) .  For a s i n g l e  
p o le  a t  th e  o r i g i n  th e  s e t  o f f  d i r e c t i o n  i s  de te rm ined  p r e c i s e l y ,  
s in c e  th e  a n g le  com puta tion  phase  c o n s i s t s  o n ly  o f  t h e  s u b t r a c t i o n  
o f  it from c o u n te r  1 .  Assume an o f f s e t  v o l t a g e  e x i s t s  t h a t  p l o t s  
th e  f i r s t  t r i a l  p o i n t  j u s t  w i th in  th e  p h ase  e r r o r  a p e r t u r e  (a^) .
From (a^) th e  a n g le  to  th e  p o le  i s  d e te rm in e d ,  and th e  f i r s t  phase  
e r r o r  (= -IP -"7 r .=  -200°  -  180° = -2 0 ° )  b e in g  equal t o  e , p o i n t  a^ 
i s  d is p la y e d  on th e  CR.0, However c o u n te r  1 now c o n ta in s  th e  a n g le  
160° . To th e  x and y c o - o r d in a te s  o f  p o in t  a^ a r e  now added th e  , 
v a lu e s  As c o s 160° and As s in l6 0 °  r e s p e c t i v e l y  to  g e n e ra te  a p o i n t ’ b .
To b i s  added th e  o f f s e t  v o l t a g e  to  g iv e  a new t r i a l  p o i n t  b ^ .
This  p o i n t  i s  w i t h i n - t h e  phase  e r r o r  a p e r t u r e ,  b u t  i t s  p h ase  e r r o r  
i s  added to  th e  c o n te n ts  o f  c o u n te r  1 to  g iv e  a f u r t h e r  t r i a l  p o i n t  
c ^ .  C on tinu ing  in  t h i s  f a s h io n  th e  r e s u l t  shown in  F ig  9 .3  a g re e s  
w ith  th e  p l o t  shown in  P l a t e  19.
P l a t e  10 i l l u s t r a t e s  th e  e f f e c t  o f  f i n i t e  phase  e r r o r  
a p e r t u r e  a t  a b r e a k p o i n t .  F ig  9 .4  shows th e  c o r r e c t  180° lo c u s  and 
th e  179° and 181° phase  a n g le  l o c i .  I t  i s  seen  t h a t  t h e r e  i s  a h ig h
s e n s i t i v i t y  r e g io n  in  th e  v i c i n i t y  o f  th e  b r e a k p o i n t .  Assume
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PLATE 19. Root lo cu s  f o r  a s i n g l e  p o le  a t  th e  o r i g i n ,  showing 
t h a t  th e  locus  i s  ly in g  w e l l  w i th in  th e  phase  e r r o r  
a p e r t u r e .
X d e f l e c t i o n  = 0.5V/cm, Y d e f l e c t i o n  = lOmV/cm.
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th e  in s t ru m e n t  phase  e r r o r  a p e r t u r e  G i s  ±1°. From th e  doub le  p o le  
a t  th e  o r i g i n  th e  top b ranch  o f  th e  lo c u s  w i l l  tend  to  fo l lo w  th e  179° 
c o n to u r .  This  i s  b e c a u se ,f ro m  a t r u e  p o in t  in  th e  l o c u s , a  su b se q u en t 
new t r i a l  p o in t  w i l l  l i e  o u t s id e  th e  c i r c l e .  By s u c c e s s iv e  i t e r a t i o n s  
th e  system  c o r r e c t s  f o r  phase  e r r o r  u n t i l  th e  t i p  o f  th e  s e a r c h  v e c t o r  
i s  w i th i n  th e  phase  e r r o r  a p e r t u r e .
The s e a r c h  v e c t o r  c o n t in u e s  a long  th e  b ranch  in  t h i s  f a s h io n  
u n t i l  a  p o in t  such as A i s  re a c h e d .  From A a t r i a l  p o i n t  B i s  ta k e n  
a t  th e  l a s t  computed h e a d in g .  At B th e  phase  e r r o r  i s  l e s s  th a n  e ,  
th e  s e a r c h  v e c t o r  head ing  w i l l  h a rd ly  a l t e r  and th u s  a su b se q u en t
t r i a l  p o in t  C i s  p l o t t e d .  The p ro c e s s  c o n t in u e s ,  th e  p l o t  moving
. , . N .
a lm os t on a s t r a i g h t  l i n e  u n t i l  a t r i a l  p o m t ^ f a l l s  o u t s id e  th e
phase* e r r o r  a p e r t u r e .  At t h i s  p o in t  (hav ing  c ro s s e d  th e  180° p h ase  
a n g le  lo c u s )  th e  phase  e r r o r  i s  r e v e r s e d  so t h a t  th e  s e a r c h  v e c t o r  
now swings away from th e  c i r c l e .  S ince  each s u c c e s s iv e  p hase  e r r o r  
i s  s t i l l  v e ry  sm all  th e  system  i t e r a t e s  many tim es  u n t i l  t h e  t r i a l  
p o in t  comes w i th in  th e  a p e r t u r e  a t  th e  p o in t  Q, The rem a in d e r  o f  
th e  181° lo c u s  i s  then  p l o t t e d .
S i m i l a r l y , t h e  low er b ranch  o f  th e  lo c u s  a s s o c i a t e d  w i th  
th e  double  p o le  w i l l  ten d  to  fo l lo w  th e  181° c o n to u r  u n t i l  i t  r e a c h e s  
a t r i a l  p o i n t  a t  N*. Again many i t e r a t i o n s  a r e  ex ecu ted  to  b r in g  
th e  t r i a l  p o in t  w i th i n  th e  p hase  e r r o r  a p e r t u r e .  The system  th e n  
p l o t s  th e  rem a in d er  o f  th e  179° lo c u s .
Even i f  th e  phase  e r r o r  a p e r t u r e  were ze ro  i t  would n o t  
be  p o s s i b l e  to  p l o t  th e  com plete  lo c u s .  F ig  9 .5  i l l u s t r a t e s  th e  
b r e a k p o in t  p ro c e d u re  d e s c r ib e d  e a r l i e r  and shows how:; even w i th  a 
f i n i t e  phase  e r r o r  a p e r t u r e ,  i t  i s  p o s s i b l e  to  p l o t  a c lo se ;  
app ro x im atio n  to  th e  com plete  lo c u s .  ,
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F i g  9«5<> D i a g r a m  s h o w i n g  p h a s e  e r r o r  b a n d  ( s h a d e d )  w h e n  s y s t e m
ai s  a d j u s t e d  f o r  p l o t t i n g  1 8 1  l o c i
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I f  w i th  th e  e r r o r  o f  ±1°, th e  c lo c k  g e n e r a to r  f req u en cy  
i s  s e t  so t h a t  th e  system  p l o t s  th e  181°±1° lo c u s ,  th e  to p  b ranch  
from th e  doub le  p o le  a t  th e  o r i g i n  swings round i n s id e  th e  c i r c l e  
and te rm in a te s  on th e  z e r o .  This  i s  p ro v id ed  t h a t  th e  s e a r c h  v e c to r  
m agnitude i s  n o t  too  l a r g e .  The low er b ranch  swings o u t s i d e  th e  
c i r c l e  and p l o t s  a locus  w i th i n  th e  shaded a r e a  ly in g  o u t s i d e  th e  
c i r c l e .  A l t e r n a t i v e l y  th e  179°±1° lo c u s  can be s i m i l a r l y  o b ta in e d .  
Thus th e  s m a l l e r  th e  phase  e r r o r  a p e r t u r e ,  th e  n e a r e r  to  th e  t r u e
180° c o n to u r  w i l l  be th e  p l o t t e d  lo c u s .  In  P l a t e  10, th e  p h ase
e r r o r  a p e r t u r e  i s  0 . 8 ° .
P l a t e  9 i s  e x h i b i t i n g  th e  e f f e c t  o f  p l o t t i n g  181° l o c i .
The 181° lo c u s  has  a l e s s  pronounced cu rve  in  th e  low er b ran ch  than
in  th e  upper  b ranch  which d ip s  more tow ards th e  h o r i z o n t a l  a x i s .  This  
accoun ts  f o r  th e  i n c r e a s e  in  b r ig h t n e s s  i n  th e  upper  b ranch  o f  th e  
lo c u s .
Due to  th e  tim e ta k e n  in  s t o r i n g  th e  v o l t a g e  c o - o r d in a t e s  
o f  th e  s t a r t i n g  p o le s  t h e r e  i s  an i n c r e a s e  in  b r ig h t n e s s  a t  th e s e  
p o i n t s .  A lso when a b ranch  o f  a lo c u s  te rm in a te s  on a ze ro  o r  has 
a v a lu e  t h a t  exceeds th e  dynamic range o f  th e  in s t ru m e n t ,  t h e r e  i s  an 
in c r e a s e  o f  b r ig h t n e s s  due to  th e  tim e ta k e n  b e fo re  s w i tc h in g  to  th e  
n e x t  p o l e .
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C H A P T E R  10
DISCUSSION AND CONCLUSIONS.
The work has d em onstra ted  t h a t  an e f f e c t i v e  and u s e f u l  to o l  
can be  c o n s t r u c t e d ,  th e  p h o to g ra p h ic  p l a t e s  o b ta in e d  speak  f o r  them­
s e l v e s .  The f a c t  t h a t  th e  r o o t  locus  o f  a system  hav in g  s i x  p o le s  
and fo u r  ze ro e s  can be d i s p la y e d  in  ro u g h ly  n in e  seconds i n d i c a t e s  
th e  power o f  s p e c i a l  pu rpose  com puters .
The work p ro v id e s  f o r  th e  f i r s t  tim e an a n a l y s i s  o f  c e r t a i n  
e r r o r s  t h a t  a r i s e  in  au to m a tic  r o o t  lo c u s  com puters em ploying a d a p t iv e  
h y b r id  t e c h n iq u e s .  The d e s ig n  c o n s id e r a t io n s  g iv en  make i t  p o s s i b l e  
to  d e s ig n  an in s t ru m e n t  to  any s p e c i f i c a t i o n .
In  p a s s in g  i t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  b e h a v io u r  o f  
th e  system  shows s i m i l a r i t i e s  to  t h a t  o b se rved  in  b e a m -r id e r  m i s s i l e s .  
The p l o t s  shown in  P l a t e  19 and F ig  9 .3  e x h i b i t  a type  o f  " h u n t in g 11 
which i s  a c h a r a c t e r i s t i c  o f  such  s y s te m s .
The perfo rm ance  o f  th e  c o n s t r u c te d  in s t ru m e n t  f a l l s  w i th i n  
th e  d e s ig n  c r i t e r i a  and compromises t h a t  have been p ro p o se d .  The 
l i m i t a t i o n s  t h a t  o ccu r  a re  to  be ex p ec ted  w i th in  th e  c o n te x t  o f  th e  
d e s ig n  s p e c i f i c a t i o n .  The f a c t  t h a t  th e  system, has  no p r e c e d e n t  
im p lie s  t h a t  th e  s p e c i f i c a t i o n  has been o f  an e x p lo r a to r y  n a t u r e .
A sm all  change in  g a in  in  a c o n t r o l  system  does n o t  have 
much e f f e c t  upon i t s  p e rfo rm ance ,  b u t  a t  a b r e a k p o in t  t h i s  change 
has a marked e f f e c t  in  th e  r o o t  lo c u s .  The f a c t  t h a t  th e  
in s t r u m e n t ’ s perfo rm ance  i s  l i m i t e d  in  h ig h  s e n s i t i v i t y  r e g io n s  
i s  o f  l i t t l e  im p o r tan ce .
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The l i m i t a t i o n s  a r i s i n g  from system  e r r o r s  a r e ; -
( i )  The in s t ru m e n t  has  l i m i t e d  a n g u la r  accu racy  (g a in  e r r o r  
c o n t r i b u t i n g  p a r t l y  to  t h i s ) .
( i i )  An app ro x im a tio n  to  th e  shape o f  th e  lo cu s  i s  o b ta in e d
a t  b r e a k p o i n t s .
( i i i )  There i s  a minimum v a lu e  to  th e  s e a rc h  v e c t o r  m agnitude  
r e s u l t i n g  i n  a minimum sp o t  d e n s i t y ,
( iv )  The lo c u s  i s  d i s p la c e d  from i t s  t r u e  p o s i t i o n .
A ll  th e s e  l i m i t a t i o n s  can be reduced  a t  in c r e a s e d  c o s t ,  by 
employing b e t t e r  q u a l i t y  c i r c u i t  e le m e n ts .  The system  p h ase  e r r o r  
a p e r t u r e  can be reduced  by adding  e x t r a  c o u n te r  s ta g e s  and in c r e a s in g
th e  c lo c k  f re q u e n c y .  For t h i s  to  be e f f e c t i v e  de lay s  i n  th e  l o g i c
c i r c u i t s  , g a te  d r iv i n g  c i r c u i t s  and th e  com para to r  have to  be 
red u ce d .
With th e  curfTent a v a i l a b i l i t y  ( in  l i m i t e d  v a r i e t y )  o f  
Sch o ttk y  TTL e le m e n ts ,  and co m p a tib le  TTL to  MOST l e v e l  s h i f t i n g  
i n t e g r a t e d  c i r c u i t s ,  s h o r t e r  d e la y s  can be e a s i l y  ach iev ed  b u t  a t  
in c re a s e d  c o s t .  R efe rence  38 d e s c r ib e s  a v e ry  f a s t  ze ro  c r o s s in g
p o in t  d e t e c t i n g  com parato r  which employs an e x p en s iv e  o p e r a t i o n a l
a m p l i f i e r .  The c o u n te r  c i r c u i t s  employed a r e  ca p a b le  o f  o p e r a t in g  
a t  c lo c k  f r e q u e n c ie s  up to  abou t 10MHz and shou ld  n o t  r e q u i r e  any 
changes .  A f u r t h e r  r e d u c t io n  in  lo g i c  c i r c u i t  d e la y s  co u ld  be  
ach iev ed  by employing e m i t t e r  coupled  l o g i c  e le m e n ts ,  b u t  t h i s  
would r e s u l t  i n  e x te n s iv e  rep la cem e n t o f  c i r c u i t s .
W ith in  th e  p r e s e n t  y e a r  i n t e g r a t e d  c i r c u i t  sample and h o ld  
c i r c u i t s  to  which s to r a g e  c a p a c i t o r s  a r e  added e x t e r n a l l y  have 
become a v a i l a b l e .  These c i r c u i t s  a r e  d i r e c t l y  o p e ra te d  from TTL 
v o l t a g e  l e v e l s .  A lthough a l i t t l e  more ex p en s iv e  th a n  th e  ty p e
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employed in  th e  c o n s t r u c t e d  in s t ru m e n t  th e  e x t r a  p r i c e  a d e q u a te ly  
o f f - s e t s  th e  a d d i t i o n a l  w i r in g  c o s t  in  any commercial i n s t r u m e n t .
The o n ly  d is a d v a n ta g e  i s  t h a t ,  to  d a t e ,  th e  m a n u fa c tu re rs  canno t 
quo te  a v a lu e  f o r  o f f s e t  v o l t a g e  d r i f t  in  t h i s  u n i t .
A d d i t io n a l  f e a t u r e s  t h a t  can be added to  th e  b a s i c  in s t ru m e n t  
a r e  th e  d e te rm in a t io n  o f  g a in ,  K, a t  p o in t s  i n  th e  lo c u s  and th e  
f a c i l i t y  f o r  p l o t t i n g  r o o t  l o c i  o f  system s hav ing  p u re  t im e  d e l a y .  I t  
can be shown t h a t  a t  a b r e a k p o in t ,  th e  v a lu e  o f  K p a s se s  th ro u g h  a 
maximum. Comparing th e  v a lu e  o f  g a in  m easured a t  a t r u e  p o in t  
w i th  th e  v a lu e  o b ta in e d  a t  th e  p re v io u s  t r u e  p o in t  in. th e  l o c u s ,  
p ro v id e s  an a l t e r n a t i v e  b re a k p o in t  p ro c e d u re .
With th e  r e c e n t  d r a s t i c  p r i c e  r e d u c t io n s  o f  d i g i t a l  i n t e g r a t e d  
c i r c u i t s  an a l l  d i g i t a l  v e r s io n  o f  th e  r o o t  lo c u s  com puter becomes 
a t t r a c t i v e .  The e q u iv a le n t  o p e r a t io n s  o f  s t o r i n g  th e  v a lu e s  o f  th e  
s t a r t i n g  p o le s  and u p d a t in g  th e  lo c u s  can be  c a r r i e d  o u t  v e ry  r a p i d l y .  
Moreover problem s a s s o c i a t e d  w i th  o f f s e t  v o l t a g e  d r i f t  and g a in  e r r o r  
do n o t  a r i s e  and th e r e  a r e  no a d ju s tm e n ts  on t e s t  to  be c a r r i e d  o u t .
From work r e c e n t l y  c a r r i e d  o u t  in  th e  f i e l d  o f  d i g i t a l  i n t e g r a t o r s  by 
R.E.H. Bywater and P.K . W arrick  (Department o f  E l e c t r o n i c  arid 
E l e c t r i c a l  E n g in e e r in g ,  U n iv e r s i t y  o f .S u r r e y )  under th e  d i r e c t i o n  o f  
P r o f e s s o r  W.F. L o v er in g ,  a d i g i t a l  v e r s io n  o f  th e  in v e r s e  r e s o l v e r /  
r e s o l v e r  i s  a v a i l a b l e .  W ith th e s e  i n t e g r a t o r s ,  s p e c i f i c a l l y  d e s ig n e d  
f o r  u se  in  a s im p le  harm onic m otion lo o p ,  a f req u en cy  o f  400Hz w i th  
12 b i t  a m p li tu d e  p r e c i s i o n  i s  a c h i e v a b le .
. . . .  39The in s t ru m e n t  d e s c r ib e d  m  t h i s  t h e s i s  has  been p a t e n t e d
j o i n t l y  by th e  a u th o r ,  D r. S .E . W illiam son and P r o f e s s o r  W.F. L o v e r in g ,  
and was s u c c e s s f u l l y  dem onstra ted  a t  th e  1971 P h y s ic s  E x h i b i t i o n .
A c o s t i n g  in d e p e n d e n t ly  a r r i v e d  a t  by an i n t e r e s t e d  m a n u fa c tu re r  
s u p p o r ts  th e  a u th o r* s  e s t im a te  o f  a m arket p r i c e  o f  a p p ro x im a te ly  
£1,200 f o r  a com m ercia lly  produced  in s t r u m e n t .
- 200 -
A P P E N D I X  A 1
E f f e c t  o f  n o n - i d e a l  a m p l i f i e r  f r e q u e n c y  r e s p o n s e  i n  c o m p u t i n g  
a m p l i f i e r s  e m p l o y e d  i n  a  s i m p l e  h a r m o n i c  m o t i o n  l o o p .
A l . l  T h e  I n t e g r a t o r
F r o m  F i g  A l . l  a s s u m i n g  t h e  a m p l i f i e r  i n p u t  i m p e d a n c e  i s  
v e r y  h i g h ,  w e  h a v e : -
v .  ( s )  -  v  ( s )  =  [ v  ( s )  -  v  ( s ) 3 s C  ( A l . l )x o
R
v q ( s ) = -A (s )v x (s )  (A1.2)
I f  th e  open loop g a in  o f  th e  a m p l i f i e r  i s  d e f in e d  by a 
f i r s t  o rd e r  la g  (which i s  t r u e  f o r  th e  a m p l i f i e r s  employed in  th e  
p r e s e n t  a p p l i c a t i o n ) ,  th e n
A(s) = K (A1.3)
1 + ST.a
where K i s  th e  open loop g a in  a t  v e ry  low f r e q u e n c i e s ,  and t = l/27rfa <
f  b e in g  th e  f req u en cy  where ]A| = K / /2 .a
From e q u a t io n s  A l . l ,  A1.2 and A 1 .3 : -
v  ( s )  -K   (A1.4)
° “ 2
v. (s )  s ' t t  +■ s (Kt ■+" t  + x ) + 1i  a a
where t = CR. 
For K »  l s -
v ( s )  -K , >0 i. _________________  (A1.5)
2v . ( s )  s t t  + s Kt + 11 a
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A1.2 The sign inverting amplifier Fig(Al,2)
A dopting th e  same p ro ced u re  as above, and assuming K » 1
we o b ta in
Vs)
vi (s )
-K.1
K. + 2 s t . i  1
(A1.6)
where i s  th e  a m p l i f i e r  open loop g a in  a t  v ery  low f r e q u e n c ie s ,  
and t y  = l/2iTf^; f^ b e in g  th e  freq u en cy  where th e  open loop  g a in  
m agnitude i s  K^A/2.
A1.3 Approximate a n a l y s i s  o f  e f f e c t  o f  a m p l i f i e r  f req u en cy  re sp o n se
in  a s im ple  harm onic m otion  loop F ig  (A l .3)
A pplying th e  r e s u l t s  o b ta in e d  in  s e c t i o n s  A l . l  and A1.2 
a b o v e , :to  th e  c i r c u i t  o f  F ig  A 1 .3 : -
V (s )  o V .( s )
2- K K .l
(K. + 2s t . ) ( s 2 tt + sKt + l ) 2 L i  i  a
(A1.7)
At th e  summing p o in t  Vq ( s ) = V ^ (s ) ,  and r e - a r r a n g i n g  e q u a t io n  (A1.7)
V ( s ) J l  + o ' K
1 + 2 s t .
i
" kT~
-  . i  _j
2 2 s + sK + 1
-T TTa a
E x t r a c t i n g  th e  r o o t s  o f  th e  q u a d r a t i c  e x p re s s io n  in  s : -
- 4 v
2s i L  + _ _ a
Ta "  Ta V K2t/
(A1.8)
For K>>1, and K » tt we o b ta ina
f. 2
s *  +sK  + 1
T TTa <
f \ ( > /
s + K_ S + 1 = K_
T Kt T
k a) k a l
Kt
S u b s t i t u t i n g  in  e q u a t io n  A l . 8
For £ «  03n, the loop frequency
fSHM ~ (Al.lO)
The damping f a c t o r  £ i s  ze ro  f o r  th e  case
t .K
t  =  t  +  - 1  r
a k .
1
From e q u a t io n s  A1.9 and A l. lO
2trf SHM
K 1 -
K 'SHM
K.. * f .
i - .  l  . .
SHM ( A l . l l )
A l t e r n a t i v e l y
C = 2 Trf
s
SHM 1 -
f SHM f SHM
f . - l l a l
where f ^  and a r e  v e ry  n e a r l y  th e  f r e q u e n c ie s  where th e  open . 
loop g a in s  o f  th e  a m p l i f i e r s  concerned  have f a l l e n  to  u n i t y .
For th e  a m p l i f i e r s  employed in  each i n t e g r a t o r  (Analog
4D evices 40K), f ^  = 20Hz, and th e  minimum v a lu e  o f  K i s  5 x 10 .
4For th e  s ig n  i n v e r t e r  a m p l i f i e r  (LM308A) f^  = 5Hz and = 5 x 10 •
For a v a lu e  o f  = 500Hz, e q u a t io n  A l / . l l  g iv e s  a v a lu e
f o r  £ o f  a p p ro x im a te ly  - 8 .
8 tThe s o l u t i o n  o f  e q u a t io n  A1.9 i s  o f  th e  form; V ( t ) =  Ae cosmto
where A i s  th e  i n i t i a l  c o n d i t io n  v a lu e  . A f te r  one p e r io d  (2ms)
Vq = 1 .016Acoso)t, i . e .  th e  am p litu d e  e r r o r  a f t e r  one c y c le  « +1.6%.
c( s )v . ( s )  O
F i g  A l . l  I n t e g r a t o r  c i r c u i t  d i a g r a m .
R
( s )
A '  *(s)
F i g  A 1 . 2  I n v e r t i n g  a m p l i f i e r  c i r c u i t  d i a g r a m .
"I } r ~
A A A ' « H  - A ( s )
Fig Ale3 Connection for simple harmonic motion loop.
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A P P E N D I X  A 2 
Methods o f  re d u c in g  e f f e c t s  due to  n o n - id e a l  a m p l i f i e r
f req u en cy  resp o n se
A2.1 C a p a c i t iv e  com pensa tion  in  each computing e lem ent
C o n s id e r in g  th e  i n t e g r a t o r  c i r c u i t  shown in  F ig  A l . l ,  i f  
a c a p a c i t o r  C = x / ( I  + K)R i s  connec ted  a c ro s s  th e  in p u t  r e s i s t o r  R,
cl
th e  second o rd e r  te rm  in  th e  t r a n s f e r  f u n c t io n  i s  removed. The • 
r e s u l t i n g  t r a n s f e r  f u n c t io n  i s s -
Vo (5) = -K  ^ -K (A2.1)
v . ( s )  1 + ST + s t (1 + K) * 1 + sKxi  a
where x , x and K have been d e f in e d  i n  Appendix A l.  a
I f  th e  s ig n  i n v e r t i n g  a m p l i f i e r  w ere p e r f e c t ,  th e  damping 
f a c t o r  f o r  th e  SHM loop would be p o s i t i v e  h av in g  a v a lu e  o f  1/Kx 
(= 2 r f otT../K) which i s  low.
orirl
At any one f req u en cy  th e  s ig n  i n v e r t i n g  a m p l i f i e r  can be 
made to  have ze ro  phase  s h i f t  by co n n e c t in g  a c a p a c i t o r  C^ o f  
s u i t a b l e  v a lu e  a c ro s s  th e  in p u t  r e s i s t o r  R.
L e t t i n g  x = C R, K. = th e  d . c .  open loop  g a in ,
X 1 1
x = th e  a m p l i f i e r  tim e c o n s ta n t ,  th e  t r a n s f e r  f u n c t io n  f o r  th e  s ig n  
i n v e r t i n g  a m p l i f i e r  i s : -
v (s )  - K . (1 + sx ) (A2.2)
O _____ 1__________X____________
Vi ^ S  ^ s^x x + s (x  + 2 x . ) + K. + 2
X 1 X 1 1
T r a n s l a t i n g  to  th e  f req u en cy  domain and r e - a r r a n g i n g ; -
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V Q ( j w )
v i (jw)
“ K .  (1  +  j tOT )  1 J X (A2.3)
(K. + 2 -  W T T . )1 X I 1 +
j  03 (  T +  2 t . )
J  X i y
K. + 2 -  0) T T .1 XX
At an a n g u la r  f requency  ojq , th e  phase  s h i f t  i s  z e ro  i f  th e  
im ag inary  p a r t s  o f  e q u a t io n  A2 .3  a r e  e q u a l ;  from which
x
± /K. 
i  \f  l
2 _ 2 2 -  8 x . w 1 o
2to 2 x .  o 1
K. ± K.l  l
'  , 2 2> 
4 t .  to
1 - -JL-2.
2K.
i  ^
2to 2 t . o 1
T .(0 
1 O  ^  ^ i s in c e  — —  < < 1 K
Hence
K..1
x  » 2
(0 T. O 1
o r 2t . __ x
K.l
(A2.4)
The f i r s t  v a lu e  i s  i n v a l i d  s in c e  th e  g a in  a t  th e  f req u en cy  
03q/ 2 tt w i l l  be ap p ro x im a te ly  2 (from e q u a t io n  A 2 .3 ) .  The second 
v a lu e  i s  f req u en cy  indep en d en t due to  th e  ap p ro x im atio n  made in  th e  
B inom ial e x p a n s io n .
The method: o f  c a p a c i t i v e  com pensa tion  a p p l ie d  to  th e  . 
e lem ents  o f  th e  SHM loop c a l l s  f o r  t h r e e  ad ju s tm e n ts  to  be made. 
The method t h a t  fo l lo w s  i s  c o n s id e re d  s u p e r i o r ,  and r e q u i r e s  o n ly  
one a d ju s tm e n t  c o n t r o l .
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A2.2 I n s e r t i o n  o f  damping in  th e  s im ple  harmonic m otion  loop
F ig  A2.1 shox/s th e  SHM loop where a f r a c t i o n  k o f  th e  
o u tp u t  o f  th e  f i r s t  i n t e g r a t o r  i s  connec ted  to  th e  s ig n  i n v e r t i n g  
a m p l i f i e r .
F or a summation a m p l i f i e r  hav ing  in p u t s  v^ and th e  
t r a n s f e r  f u n c t io n  i s
vo (s )
xrjTsT
-K.
K .  V I S T . ' ( v l  +  V
(A2.5)
where as in  s e c t i o n  A . l ,  and x^ a r e  th e  open loop  low f req u en cy  
g a in  and ^ r e a k 1 tim e c o n s ta n t  r e s p e c t i v e l y .
For th e  c i r c u i t  o f  F ig  A 2 .1 : -
Vo (s) K kK
( s 2xx + sKx + l ) 2 a s xx + sKx + 1 a
K.1
K. + 3sx . 
1  l
V-.(s-) (A2.6)
At th e  summing j u n c t i o n  VQ(S) = V^Cs)
Using th e  same method and app ro x im atio n s  o f  s e c t i o n  A 1.3 , ' :
2( i . e .  K >> 1, K >> xx , K >> x , K >> x .)  we o b ta in  th e  d i f f e r e n t i a l  * a9 a 9 l
e q u a t io n : -
F or th e  damping te rm  to  be ze ro : '
\
X 3 t ., a , 1 T •+ -- + --- — -
v 2 KK.K 1
w /
3x. 2t 0 
i  , a 2t *1"K. K Kl
X T.
* • cl 1For th e  p r e s e n t  a p p l i c a t i o n  x >> x >> -7Trr-yKi. KK .1
hence
3 x . 2 x
v = + I _ £  -  1  (A2.8)
K.x Kx Kl
Employing t h e  v a lu e s  g iv en  in  s e c t i o n  A l .3 ,  and p u t t i n g  x = l/2 ir500  s e c ,  
k = 0 .0 0 7 .
. . . 2In  e q u a t io n  A 2.7, th e  c o e f f i c i e n t  o f  s i s  v e ry  c l o s e l y
equa l t o ' u n i t y ,  and th e  s im p le  harm onic  m otion  loop f req u en cy  i s  
g iven  by = l/27rx. Thus e q u a t io n  A2.8 can be  r e - w r i t t e n  in
th e  fo rm :-
3f  2f
" s ®  + Z m  -  1  (A2 9)
K .f .  Kf K ( M . J )
i  i  a
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R-A, ( s
VvNA
•A(s )-A ( s i
F i g  A 2 . 1  C o n n e c t i o n  f o r  s i m p l e  h a r m o n i c  m o t i o n  l o o p
*
w i t h  d a m p in g , ,
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A P P E N D I X  A 3  
Time re sp o n se  o f  th e  com para to r  (Type LM2Q6) to  a ramp in p u t
A3.1 Delay Time ( t ^ )  f o r  a ramp in p u t
The s te p  re sp o n se  o f  th e  LM206 com para to r  i s  shown i n  F ig  
A 3 .1 .  We assume t h a t  th e  d e la y  t im e ,  t ^ ,  a t  th e  i n p u t  i s  due to  
a s im ple  f i r s t  o rd e r  la g  a t  th e  i n p u t ,  shown by th e  i d e a l i s e d  d iagram  
o f  F ig  A 3 .2 .
For an in p u t  s te p  from +100mV to  -2mV, th e  com para to r
th r e s h o ld  (=0V) i s  reach ed  in  a tim e t ^ ,  o f  ap p ro x im a te ly  3 0 n s .  (see
F ig  A 3 .1 ) .  Thus th e  in p u t  tim e c o n s ta n t  (=R C ) i s  c a l c u l a t e d& r  eq eq
to  be 7 .7 n s .  Employing t h i s  v a lu e  o f  t in  d e te rm in in g  d e la y  tim e  
f o r  d i f f e r e n t  v o l t a g e  o v e r d r iv e s ,  g iv e s  v a lu e s  a g re e in g  c l o s e l y  w i th  
th o se  shown in  F ig  A 3.1 .
For an in p u t  ramp o f  C v o l t s / s e c ,  th e  o u tp u t  r e s p o n se  o f  
th e  in p u t  netx^ork i s  g iven  by
Vi (s )
I
C T
s2(s +!)
i . e .  V . ( t )  = C (e_ t  + ^  -  1) (A3.1)
In  th e  p r e s e n t  a p p l i c a t i o n ,  th e  maximum o u tp u t  v o l t a g e  o f  
th e  SHM loop i s  7 v o l t s  p eak ,  hav ing  a z e ro  c r o s s in g  r a t e  o f  change 
o f  v o l t a g e  eq u a l  to  7WSHM* This  i s  p r e - a m p l i f i e d  by a g a in  o f  12 
b e f o r e  b e in g  a p p l ie d  to  th e  co m p ara to r .  T h e re fo re  C = 84w = 0 .2 5 V /u s .  
The p r e - a m p l i f i e r  o u tp u t  i s  l i m i t e d  to  be in  th e  range  ±2.5V by th e  
a c t io n  o f  th e  in p u t  d io d es  (see  F ig  7 . 7 ) .  .
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From F ig  A 3.3 , rea c h e s  th e  nom inal com para to r  th r e s h o ld  
in  a tim e t^  = V^/C (=10jus) . S in ce  t^  >> e q u a t io n  (A3.1) can be 
w r i t t e n  as
V . ( t )  = C x ( i  -  l )  (A3.2)
The tim e t ^ ,  f o r  th e  t r u e  com para to r  in p u t  to  f a l l  by 
V v o l t s  i s  o b ta in e d  from e q u a t io n  (A 3 .2 ) : -
V = Ct. = Ct x 1
i . e .  t , = t „  -  t .d r  2 i
o
Thus f o r  a ramp in p u t ,  th e  d e la y  tim e betw een th e  t r u e  ze ro  
c r o s s in g  p o in t  and th e  i n s t a n t  t h a t  th e  e f f e c t i v e  com para to r  i n p u t  
(F ig  A3.2) i s  ze ro  i s  = 7 .7 n s .
A3.2 R ise  time re sp o n se  f o r  a ramp in p u t
In  F ig  A3.1, i t  i s  observed  t h a t  th e  r i s e  t im e  o f  th e  o u tp u t  
i s  in d ep en d en t o f  th e  v o l t a g e  o v e rd r iv e  v a l u e .  We can th u s  r e p r e s e n t  
th e  com para to r  as a h ig h  g a in  a m p l i f i e r ,  ( th e  o u tp u t  o f  w hich i s  
l i m i t e d  to  +5V) d r iv i n g  a r e s i s t a n c e  c a p a c i t a n c e  netw ork  ( s e e  F ig  A 3 .4 ) .  
From th e  t im e  re sp o n se  cu rves  o f  F ig  A 3 .1 , th e  o u tp u t  tim e c o n s t a n t  tq
(= r e qCe q) i s  ap p ro x im a te ly  30ns. The g a in ,  K, o f  th e  LM206 com para to r  
i s  t y p i c a l l y  40 ,000 ,  and th e  in p u t  t h r e s h o ld  v o l t a g e ,  e ,  i s  a p p ro x im a te ly  
O.lmV.
For an in p u t  v o l t a g e  ramp o f  C v o l t s / s e c ,  th e  o u tp u t  v o l t a g e ,  
Vq , in  F ig  A3.4 i s  g iven  b y : -
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t / T
i . e vo (t ) KCt  eo T O
(A3.3)
The o u tp u t  v o l t a g e ,  ICe, o f  th e  e q u iv a le n t  g e n e r a to r  r i s e s
a t  a r a t e  o f  KC v o l t s / s e c  u n t i l  i t  r e a c h e s  a v a lu e  o f  +5V and rem ains 
c o n s t a n t .  Thus e q u a t io n  (A3.3) a p p l i e s  f o r  a tim e t  = 5/KC s e c s .
At th e  tim e t ,  we r e p r e s e n t  th e - c o n s t a n t  v a lu e  by s a y in g  t h a t  th e  
g e n e r a to r  o u tp u t  i s  s t i l l  r i s i n g  a t  KC v o l t s / s e c ,  b u t  i s  now in  
s e r i e s  w i th  a secondary  g e n e r a to r  t h a t  i s  f a l l i n g  a t  a r a t e  o f  
KC v o l t s / s e c  (see  F ig  A 3 .5 ) .  By s u p e r p o s i t i o n  th e  o v e r a l l  tim e 
re sp o n se  i s  o b ta in e d  u s in g  e q u a t io n  A 3.3 .
o u tp u t  i s  i n i t i a l l y  a d ju s te d  to  be  a t  +5V, when th e  in p u t  i s  a t  ze ro  
v o l t s .  This in t ro d u c e s  an in p u t  b ia s  o f  a p p ro x im a te ly  O.lmV.
The s w i tc h in g  th r e s h o ld  o f  th e  g a te  connec ted  a t  th e
com para to r  o u tp u t  i s  in d i c a t e d  in  F ig  A 3.6 . When th e  Y i n t e g r a t o r
o u tp u t  v o l t a g e  m agnitude i s  a t  i t s  minimum v a lu e  (40mV) th e  v a lu e  o f  
2C i s  15 x 10 V /s .  The d i f f e r e n c e  between th e  t r u e  z e ro  c r o s s in g
p o in t  tim e Q, and th e  tim e th e  g a te  t h r e s h o l d  i s  re a c h e d ,  R, i s
3ap p ro x im ate ly  10ns, When C = 15 x 10 V /s ,  th e  tim e d i f f e r e n c e  be 
between Q and S i s  35ns. As C becomes l a r g e r ,  th e  in p u t  te n d s  to  a 
s te p  f u n c t io n  and th e  tim e d i f f e r e n c e  rem ains ap p ro x im a te ly  th e  same.
F ig  A3.6 shows th e  tim e re sp o n s e  o f  th e  LM206 com para to r
f o r  two v a lu e s  o f  in p u t  v o l t a g e  r a t e  o f  change C. The co m para to r
- 212 -
O utpu t
In p u t
V o ltage
V o ltage
( v o l t s )
/ /
lQmV
ICOmV
80 120400
tim e  (n s )
F ig  A3 o l Time re sp o n se  o f  II4206 com para to r  f o r  v a r io u s  
i n p u t  o v e r d r iv e s  <>
V.m
F ig  A3«2 R e p r e s e n ta t i o n  o f  th d  LM206 com para tor  by an  i n p u t  
ne tw ork  fo l lo w e d  by a  ’p e r f e c t*  c o m p a ra to r0
- 213 -
+2o5V
j_n ,  -  s l o p e  c  «  0 *2 5V / p s  a t  
m a x im u m  i n p u t „
 C o m p a r a t o r
t h r e s h o l d
F i g  A 3 o 3 .  D i a g r a m  d e p i c t i n g  t h e  v o l t a g e s  o c c u r r i n g  i n  F i g  A 3 „ 2 .
i n K e e q
F i g  A 3 o 4 »  R e p r e s e n t a t i o n  o f  t h e  c o m p a r a t o r  o u t p u t  b y  a  
l i m i t i n g  a m p l i f i e r  f o l l o w e d  b y  a  RC n e t w o r k »
C o m p a r a t o r
g e n e r a t o r
o u t p u t
/ K C  v o l t s / s e c
-K C  v o l t s / s e c
F i g  A 3 » 5 ®  R e p r e s e n t i n g  t h e  c o m p a r a t o r  g e n e r a t o r  l i m i t i n g
a c t i o n  b y  t w o  s u p e r i m p o s e d  v o l t a g e s  0
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O utpu t
V o ltage  ( v o l t s )
C = 1 5 x lO V /s ,  V, =40QmV
Gate
t h r e s h o l d
o
tim e
(n s )
In p u t  V o ltage  (mV)
o
tim e
(n s )
F ig  A3.6 Time re s p o n s e  o f  LM206 ty p e  com para to r  w I t h  d i f f e r e n t
r a t e s  o f  change (C) o f  a p p l i e d  i n p u t  v o l t a g e 0
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